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ABSTRACT

ZnO Based Organic-Inorganic Hybrids: Properties

and Device Applications

by
Aaryashree

Hybrid Nanodevice Research Group, Discipline of Electrical Engineering

Indian Institute of Technology Indore

Supervisor: Dr. Shaibal Mukherjee
Co-Supervisor: Dr. Apurba K Das

In the current interdisciplinary age of nanotechnology, metal oxide based
semiconductors have gained substantial interest. This is mainly because of
their applications in various technological areas, such as nanoelectronics,
optoelectronics, sensors, etc. One of the most studied metal oxide for
potential applications is zinc oxide (ZnO) due to its attractive physical and
chemical properties. Also, the material characteristics such as wide
bandgap, large surface area to volume ratio, intrinsic n-type conductivity,
and a large exciton binding energy, have made ZnO an exciting material
for various technological applications.

Sensors based on ZnO are generally seen to have high chemical and thermal
stability. However, they operate at high temperatures and lack selectivity
[1], [2]. Hence, a stable device with high selectivity and high response at
room temperature is still the concern of the research community.
Interestingly, the synergetic effects between organic and inorganic
components have been reported to have improved both properties and
performances [3]. Therefore, our main objective is to reduce the drawbacks

of ZnO based sensor, i.e. high operating temperature and low selectivity,

XXii



by adding an organic moiety to it and making an organic-inorganic hybrid.
In this thesis work, two ZnO based hybrid materials are synthesized,
characterized and used as the active material for device fabrication.

The summary of the present thesis work, in view of the main objective, is

as follows:

e ZnO-graphene guantum dots (GOD) hybrid:

o Synthesis: Synthesis of GQD, Zn0O, and ZnO-GQD hybrid.

o Characterization: Study of optical, elemental, electrical,
crystalline and morphological properties of the grown thin
films (GQD, Zn0O, and ZnO-GQD hybrid).

o Application: Enhanced properties for optoelectronic

application.

e Zn0O-oligo(p-phenylenevinylene) (OPV) hybrid:

o Synthesis: Synthesis of OPV, ZnO and ZnO-OPV hybrid.

o Characterization: Study of structural, elemental, electrical,
morphological and optical properties of the grown thin films
(OPV, ZnO and ZnO-OPV hybrid).

o Applications:

= Fabrication of ZnO-OPV based band-selective UV

photodetector.

= Fabrication of ZnO-OPV based highly selective

ammonia gas sensor.

First of all, a comparative analysis has been done on the properties of
graphene quantum dots (GQDs) and ZnO-GQD organic-inorganic
nanocomposite films, deposited using a simple electrochemical deposition
process. The room-temperature photoluminescence (PL) spectra of the
Zn0O-GQD, GQDs and ZnO structures were studied. The PL peak from
ZnO was observed at 380 nm. Electrodeposition process might lead to a

XXiii



non-uniform film deposition with various intrinsic defects which generally
helps in producing a broad emission PL spectrum. ZnO film, primarily
grown under oxygen-rich conditions, begets most presumptive intrinsic
defects like zinc vacancies, oxygen interstitial or the extrinsic defects like
trapped OH-, some functional group impurities, etc. With the excitation of
325 nm, GQD exhibits a relatively broader PL peak at 423 nm. These PL
peaks are attributed from aromatic n-n stacking interactions. ZnO-GQD
nanocomposite shows a distinct PL peak at 370 nm and looks similar to the
PL peak from ZnO. However, the spectral location of PL peak (380 nm)
observed in ZnO film shows a marginal blue shift towards the UV region
(~370 nm) in the case of ZnO-GQD nanocomposite. Further, the band gap
as obtained from PL was verified using spectroscopic ellipsometry (SE).
The current-voltage (I-V) characteristics of all three samples showed a
similar behaviour of photocurrent variation. Both the dark and the
irradiated currents increase linearly with increasing bias voltage. The
values of photosensitivity of ZnO, GQD, and ZnO-GQD nanocomposite
were found to be 6.77, 51, and 99.32, respectively at room temperature.

Further, in the perspective of device fabrication, the hybrids containing
conjugated organic moiety have been exploited in areas such as
photodetectors, transistors, sensors, etc. Blending organic molecules with
the inorganic network is seen to offer extra benefits such as tuning the
optical spectra, the lifetime of trap states, sensitivity and response time.
Sensitivity can be optimized by controlling the structure of nano-hybrids to
maximize the density of organics bound to the inorganic surface and also
minimize the turbulence and discontinuities in conduction through the
permeating network. This perspective inspired us to accomplish our goal of
synthesizing self-assembled hybrid nanostructures having both
electronically active organic (i.e. OPV) and inorganic (ZnO) components.
Hence, a hybrid photodetector containing ZnO and functionalized OPV
was fabricated, which was deposited electrochemically onto an ITO-coated
glass electrode. X-ray diffraction (XRD) results revealed the lamellar
structure of the conjugates. As photodetectors, room temperature
responsivity as high as 0.2 AW at 330 nm with a bias of -20 V, the
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maximum external quantum efficiency of 75% at -20 V bias was observed.
When the ZnO-OPV hybrid photodetector device was illuminated with a
wavelength of 325 nm, excitons are generated in both OPV and ZnO. On
externally applying a bias, these photo-generated excitons in ZnO or OPV
dissociate at various interfaces formed between the oligomer and ZnO
inside the bulk and thus form a complimentary trajectory for the electrons
from oligomer to transfer onto ZnO and holes to transfer onto OPV.
However, both the rise and fall time of the response were approximately
0.8 s, indicating average photoresponse characteristics. Most likely, the
charge trapping at the grain boundaries of the hybrid film is detrimental to
the device performance. Also, the presence of deep traps, which have
longer charge release times, renders the device sluggish. Furthermore, to
check the stability of the devices, the devices were exposed to air and kept
in room ambience for eleven months, but no visible change in device
performance was observed.

Additionally, an electrochemically deposited hybrid ammonia gas sensor
containing ZnO and OPV was fabricated. As a gas sensor, the response as
high as 8.83 at 10 ppm of ammonia have been observed. Also, the excellent
selectivity and the response time and recovery time of 9.8 s and 17.3 s,
respectively, at room temperature can effectuate forthcoming high-
performance hybrid gas sensor which could be cost-effective and
environmentally benign. The sensing responses of the three sensors viz.
OPV, ZnO and ZnO-OPV sensors were measured by exposing them to
different concentrations of NHs gas at room temperature. It is seen that,
among the three sensors, Zn-OPV sensor shows the best response. For the
ZnO and the OPV sensors, the responses at all the concentrations are almost
similar, i.e., they do not change much. However, in the case of ZnO-OPV
sensor, the change in response to the change in concentration is quite
noticeable. Also, it is very clear from the results that the response of the
Zn0O-0PV sensor to lower concentrations of ammonia is much higher than
that of bare ZnO and OPV based sensor. This implies that ZnO-OPV can
be used even for sensing the lower concentrations of NHs gas. High
selectivity is most desirable parameters for a gas sensor to be practically
valuable. Therefore, the room temperature selectivity of the ZnO-OPV thin
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film towards various toxic gases such as hydrogen sulphide, carbon
dioxide, and carbon monoxide was studied. The responses were 1 to 100
ppm H2S, 0.1 to 1000 ppm COz, and 0.2 to 100 ppm CO, respectively, as
compared 8.83 to 10 ppm of NHa. In hydrated state (in the presence of
humidity), the ionic mobility across the peptide bonds arises due to the H*
transfer from -NHCO- to —-N-COH- via the hydrogen bonding with water.
The H* transfer becomes restricted in the presence of NHz due to the
formation of [NHs...H20] complex formation. As a consequence, H*
transfer across the peptide molecules become hindered, and resistance
increases along the organic layer. Although, the exact reason for the high
selectivity of ZnO-OPV towards ammonia is not clear, yet, the reason that
might account for the excellent selectivity is: ammonia has a strong electron
donating ability due to the presence of a lone electron pair, and thus it can
readily donate the unpaired electrons. The sensing layer, consisting of the
p-type OPV might have a higher binding affinity for the electron-donating
ammonia. Hence, the electrons get transferred to the sensing layer, which
may lead to a significant change in resistance. Also, the self-assembly of
OPV and ZnO provides a continuous path for charge transfer, thus,
providing a faster response.

The major contributions of the work can be summarily concluded as below.

e A simple and facile methodology, i.e. electrodeposition is
demonstrated for synthesizing GQD and ZnO-GQD nanocomposite
films. The study showed improved properties of the ZnO-GQD
hybrid nanocomposites film over pure organic GQD and inorganic
ZnO film.

e The ZnO-OPV hybrid photodetector is demonstrated for the first
time in literature. The photoresponse and external quantum
efficiency of the nanohybrid photodetector were measured at
different bias voltages and reached 0.2 AW and 75.5%,
respectively, at -20 V. These experimental findings indicate that the
hybrid nanostructure of ZnO-OPV may be especially well suited for
the use in high-performance nanoscale photodetectors.
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Sensors with sensing layers made up of OPV, ZnO and ZnO-OPV
composites are successfully synthesized by electrochemical
deposition. The composite based sensor exhibited the highest
response of 8.83 to 10 ppm of NHs. It showed an excellent

selectivity to NHz among various test gases.
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Chapter 1

Introduction

1.1. Challenges and Opportunities in Nanotechnology

Nanotechnology is a rapidly growing technology with an enormous
potential to develop novel materials with remarkable properties leading
to new, innovative and enriched products for various applications.
Numerous nano-based products such as electronics, personal care
products, sporting goods, and automotive parts, have already flooded the
marketplace. However, there are many concerns about the impact of

nanomaterials on both human health and the environment [1].

Although the term “nanotechnology’’, coined by the Japanese scientist
Norio Taniguchi, dates back to 1974 to describe precision processes in
semiconductor engineering [2], Richard Feynman, for the first time,
seeded the idea of creating, manipulating, and controlling materials on
a small scale in his famous talk “There’s Plenty of Room at the Bottom”’
in 1959 [3]. Later, the 80s saw the concepts of nanotechnology
becoming popular owing to the invention of new nano-characterization
tools such as scanning tunneling microscope (STM), atomic force
microscope (AFM), etc. which enabled the study and manipulation of
nanomaterials. The discovery of the fullerene in 1985 [4] and the
rediscovery of carbon nanotubes in 1991 [5] marked the turning point of
research around the world. The research and development in
nanotechnology fields are greatly influenced by the fabrication of new
nanomaterials with improved properties. These nanomaterials are
designed to meet our increasing demands for renewable clean energy,
advanced drug delivery systems, bio-monitoring devices, green lighting
technologies, and ultra-fast computing architectures, etc.



1.2. Nanomaterials: The Boon

Nanotechnology is exploited to determine, manipulate, or integrate
materials with at least one dimension between 1 and 100 nm. Such
materials retain properties that are different from their bulk counterparts.
At the nano-scale range, the nanomaterials may exhibit different
physical and chemical properties owing to the specific particle size. For
example, quantum dots which are an assembly of atoms with the size of
about 5- 10 nm, emit different colors by just varying the dot size. As the
material size shrinks, the surface area to volume ratio significantly
increases to the level that the material properties are determined by the
surface properties. This large surface area/volume ratio offers distinctive
properties that have wide-ranging applications in numerous industrial
sectors, including medical, electronics, and chemical sectors. Varieties
of new and stimulating nanomaterials have been synthesized in the last
two decades, which include quantum dots and nanoparticles [4]-[7] as
examples of zero dimension nano entities. Likewise, nanotubes, and
nanowires, nanorods are examples of one dimension (1D)
nanomaterials, while graphene sheet is classified as a two-dimension
(2D) nanomaterial [8]-[12]. In the case of three dimensional (3D)
nanomaterials, there is a huge number of reported structures, such as
nanodandelion [13]-[15], nanoflowers [16]-[18], and hyperbranched
nanostructures (NSs) [19], [20].

Likewise, combining the unique properties of two or more
nanomaterials to benefit from their individual properties has led to
nanocomposites that have further enhanced the material properties [21]—
[23]. For example, due to their high electrical conductivity carbon
nanotubes have the potential for the manufacturing of low-cost solar
cells [24], electronics [24]-[26] and anti-static composite materials [27].
Metallic silver (Ag) and gold (Au) nanoparticles have been found to be
very effective as an anti-bacterial agent [28], [29] and effective catalysts
for several chemical reactions under room temperature [30], [31]. While
metal oxides such as titanium dioxide (TiO2) nanoparticles having a

large band gap and hence have proven to be an excellent candidate for



photocatalysis, UV protection, photovoltaics, and sensing [32]-[35].
Also, TiO2 nanomaterials have been used to cover exterior walls of
buildings to offer self-cleaning surfaces, as this nanomaterial exhibits
super-hydrophilicity under solar irradiation [36], [37]. Another example
is cerium oxide (CeOz2) which can be applied as a diesel fuel combustion
catalyst [38], [39], which reduces fuel consumption, carbon monoxide
emission, and other exhausts. The last example is semiconductor
quantum dots which as mentioned above can emit different color
depending on their particle size; this property enables them to be used
in applications such as bio-labeling [40], chemical sensing, [41] light
display [41], etc. Thus, the research and development of nanomaterials
represent the driving force for many nanotechnology sectors, however,
for this new technology to revolutionize the way we live today,
tremendous efforts are required to fully understand the basic properties,
applications, and functionalities of these nanomaterials. Additionally,
the assessment of their impact on human and environment has to be fully

understood.

1.3. Metal Oxide Nanomaterials for Diversity of

Applications

In the current interdisciplinary age of nanotechnology, the metal oxide
semiconductor nanomaterials have gained substantial interest due to
their promising applications in a diversity of technological areas, such
as electronics, optoelectronics, bio/chemical sensors, coating systems,
and catalysis. One of the most studied metal oxide nanomaterials for
potential applications is TiO2 due to its wide band gap and photocatalytic
activity as well as sensitivity. As mentioned before TiO2 nanoparticles
have been applied as self-cleaning and anti-fogging coatings for exterior
walls and windows of buildings using the concept of super-
hydrophilicity [36]. Furthermore, UV irradiation of tiles covered with
Ti02:Cu have shown to function well for self-sterilization application
[42]. Also, TiO2 nanowires have been proposed as a possible candidate
for advanced batteries with better storage and fast charging/discharging

capabilities [43] Another example of an oxide nanomaterial that has



received vast attention is zinc oxide (ZnO) which is one of the most
promising metal oxides due to its attractive physical and chemical
properties. ZnO has a unique ability to demonstrate both semiconducting
and piezoelectric characteristics simultaneously, which can have
numerous applications in energy harvesting domains for small devices
such as cell phones [44]. The synthesis of ZnO nanomaterials has
resulted in a plentiful number of NSs such as nanowires, nanotubes as
examples of 1D nanomaterials [45], [46] nanosheets, nanowalls, and
nanoplates as a 2D structures [47]-[50]. The 3D ZnO NSs include
nanoflowers and other complex structures such as nanotetrapods [51],
[52]. All these nanofeatures of ZnO have developed increasing attention
in broad spreading research areas for applications in electronics,
optoelectronics, and sensing. Material characteristics such as wide
bandgap, large surface area to volume ratio, intrinsic n-type
conductivity, and a large number of native point defects as will be
discussed in the next chapter, render ZnO nanomaterials to be exciting
material for diverse technological applications. These applications
include transparent conductors as a low-cost replacement of indium tin
oxide (ITO) in applications such as displays and photovoltaics panels.
ZnO has been explored for fabrication of inexpensive disposable
electronics such as multisource energy converter[51] and light emitting
diodes (LED) [51]. Also, ZnO nanomaterials have found resurgent
attention in areas such as bio/chemical sensing owing to their relatively
large surface/volume ratio as well as their high ionicity,
biocompatibility, and non-toxicity combined with the conductive nature
which enables enhanced analytical and sensitivity performances [53].
One of the most urgent challenges is the realization of repeatable and
stable p-type conductivity of ZnO which is very critical for electronics

and photonics applications.

1.4. Metal Oxide Based Organic-Inorganic Hybrids
The possibility of combining the properties of organic and inorganic
compounds in a unique material is an old challenge that started with the

beginning of the industrial era. Some of the oldest and most famous



organic-inorganic hybrids come from the paint industries, where
inorganic pigments were suspended in organic mixtures. While the
concept of 'hybrid" materials was not mentioned at that time, the wide
increase of work on organic-inorganic structures continued with the
development of the polymer industry. Inorganic fillers were added to
polymers to improve some of the properties of the compounds. The
concept of 'hybrid organic-inorganic' materials emerged only very
recently, when the research shifted to more sophisticated materials with

a higher added value.

Inorganic compounds (such as TiOz, SnOz, ZnO, etc.) behave generally
high chemical and thermal stability that allows their application under
different operating conditions, and they can be obtained by cheap
processes and be easily deposited in thin or thick film form by different
techniques. Organic compounds are characterized by a synthetic
versatility and reactivity, which makes it possible to modulate the
molecular structure of the sensing materials to achieve desired property
[54], [55]. Additionally, the organic sensing materials such as
conducting polymers (polyaniline (PANI), polypyrrole (PPy), and
polythiophene (PTP), etc.) can show a response at room temperature or
low temperature, which has a convenient operating and attractive
prospect [56]-[59]. Nevertheless, the drawbacks for single inorganic or
single organic sensing materials, namely, high operating temperature
and low selectivity for inorganic sensing materials, and poor chemical
stability and mechanical strength for organic sensing materials, could

restrict their practical application.

The researches have proved that the mechanical strength and
chemical stability can be enhanced by the addition of inorganic particles
into the organic materials to form hybrids [60]-[64]. Therefore, in the
past decades, the organic/inorganic hybrid materials with different
combinations of the two components, expected to obtain new kind
composite materials with synergetic or complementary behaviors, have
received more and more attention worldwide and become attractive for

many new electronic, optical, magnetic or catalytic applications since



their properties or performances can be improved, considering the
possibility to combine the advantages of organic and inorganic
counterparts. Numerous reports have been published based on the
organic/inorganic hybrid sensing materials for the applications in
gas sensors, humidity sensors, ultraviolet sensors, strain sensors,
and other sensors [65]-[67].

1.5. Objective and Research Outline

The main focus of this thesis is devoted to the development of ZnO
based hybrid materials and to assess their potentials in areas such as
optoelectronic  applications, photodetectors, and gas sensing

applications.

The general objectives and outcomes of this thesis work can be

summarized as follows:

e Zn0O-Graphene Quantum Dots (GOD) hybrid:
o Synthesis: Synthesis of GQD, ZnO, and ZnO-GQD
hybrid.

o Characterization: Study of optical, elemental, electrical,

crystalline and morphological properties of the grown
thin films (GQD, ZnO, and ZnO-GQD hybrid).
o Application: Enhanced properties for the optoelectronic
application.
e ZnO-Oligo(p-phenylenevinylene) (OPV) hybrid:
o Synthesis: Synthesis of OPV, ZnO and ZnO-OPV hybrid.

o Characterization: Study of structural, elemental,

electrical, morphological and optical properties of the
grown thin films (OPV, ZnO and ZnO-OPV hybrid).
o Applications:
= Fabrication of ZnO-OPV based band-selective
ultraviolet (UV) photodetector.
= Fabrication of ZnO-OPV based highly selective

ammonia gas sensor.



1.6. Organization of Thesis

Chapter 1 summarises an introduction to metal oxide based composite
nanomaterials for diverse applications and discusses the background of
the prior work in the field of realization of organic-inorganic based

hybrid devices.

Chapter 2 demonstrates a summarising description of basic properties
of ZnO, ZnO-GQD and ZnO-OPV composites, and their advantages for
the realization of sensing devices and discusses the background of the

prior work in the field of realisation of composite-based sensing devices.

Chapter 3 describes the deposition and characterization systems
employed for fabricating and probing ZnO based organic-inorganic
hybrid composite structure. Autolab, dual ion beam sputtering system,
field-emission scanning electron microscope, X-ray diffraction,
variable-angle-variable-wavelength spectroscopic ellipsometry, four
probe hall measurement technique, semiconductor parameter analyzer
4200A, energy dispersive X-ray spectroscopy, and high-resolution
transmission electron microscopy are the major systems used for this

work.

Chapter 4 describes the synthesis of stable ZnO and GQD based
nanocomposite and its detailed properties for the optoelectronic

application.

Chapter 5 describes the realization of ZnO-OPV based devices.
Photodetector and gas sensors are the two main devices discussed in this
chapter. The response and stability of these sensing devices are
elaborately explained.

Chapter 6 concludes the thesis and proposes the scope for future works

for the continuation of the research.
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Chapter 2

Materials and Their Properties

ZnO is a wide bandgap material possessing many interesting properties
and probably the richest family of nanostructures. Also, it has been
employed to form numerous organic-inorganic hybrids for innumerable
applications. In this chapter, we aim to narrate some properties of ZnO
comprehensively, as well as discuss the polymers which are used in this

work.

2.1. Zinc Oxide

Zinc oxide (ZnO) is a metal oxide semiconductor with wurtzite structure
under ambient condition. The wurtzite structure has hexagonal unit cell
as shown in Figure 2.1. In this crystal structure, two interpenetrating
hexagonal-close-pack (hcp) sublattices are alternatively stacks along the
c-axis. One sublattice consists of four Zn atoms and the other sublattice
consists of four Oxygen O atoms in a unit cell; every atom of one kind
is surrounded by four atoms of the other kind and forms a tetrahedron

structure [1].

ZnO commonly consists of polar (0001) and non-polar (10-10), (11-20)
surfaces. The surface energy of the polar surface is higher than the non-

Figure 2.1. The schematic representation of ZnO (wurtzite) crystal

structure.




polar surfaces, and therefore the preferential growth direction of ZnO
NR is along the <0001> [2]. Figure 2.2 shows the schematic diagram of
a ZnO NR growing along the <0001> direction or along the c-axis.

Growth Direction

Figure 2.2. Schematic diagram of ZnO NR showing the growth

direction.

ZnO-based optoelectronic and sensing devices have rapidly gained
momentum due to its inimitable properties such as high exciton binding
energy, high radiation resistance, chemical and thermal stability in
strident ambiance, etc. Additionally, one amongst the most noteworthy
properties of ZnO lies in its rich and precisely accessible nanostructures.
The direct wide band gap of ZnO ~ 3.4 eV is suitable for short
wavelength optoelectronic applications, while the high exciton binding
energy ~ 60 meV allows efficient excitonic emission at room
temperature [3]. Moreover, in addition to the ultraviolet (UV) emission,
ZnO emission covers the whole visible region, i.e. containing green,
yellow and red emission peaks [4]-[6]. The emission in the visible
region is associated with deep level defects. Generally, oxygen
vacancies (Vo), zinc vacancies (Vzn), zinc interstitials (Zn;), and the
incorporation of hydroxyl (OH) groups in the crystal lattice during the
growth of ZnO are most common sources of the defects related emission
[7]1-[9]. ZnO naturally exhibits n-type semiconductor polarity due to
native defects such as oxygen vacancies and zinc interstitials. p-type
doping of ZnO is still a challenging problem that is hindering the

possibility of a p-n homojunction ZnO devices. Furthermore, the



remarkable properties of ZnO like being bio-safe, bio-compatible,
having high-electron transfer rates and enhanced growth direction
(0001) analytical performances are suitable for intra/extra-cellular
sensing applications [10]-[12]. Some basic physical parameters of ZnO

at the room temperature are presented in Table 2.1.

Table 2.1. Some basic properties of wurtzite ZnO.

Property Value Reference
a=b=325A

Lattice Parameters c=521 A [1], [13]
Stable crystal structure Wurtzite [1]
Density 5.606 gm/cm?® [14]
Melting Point 1975°C
Dielectric Constant 8.66 [15]
Refractive Index 2.008 [1]
Energy Gap 3.4 eV, direct [1], [16]
Exciton Binding Energy 60 meV [17]
Effective Mass 0.24 Mo/0.59 Mo [16]
(Electron/Hole)
Electron Mobility 100-200 cm*/Vs [14]
Hole Mobility 5-50 cm?/V's
Bulk Young Modulus 1112+ 4.7 GPa [17]

2.2. Graphene Quantum Dots

Graphene quantum dots (GQDs) consisting of two-dimensional
graphene sheets with dimensions less than 100 nm in single, double or
few (3-10) layers. [18], [19] They are different from the spherical
photoluminescent carbon nanodots within 10 nm in diameter, which is
generally divided into carbon quantum dots (CQDs) with crystal lattices
and carbon nanoparticles without crystalline structures.[20] Compared
with the above mentioned carbon nanodots, their cousin GQDs possess
excellent physical and chemical properties, such as higher surface area,
larger length-to-diameter ratio, and better surface grafting via the n-n

conjugated network because of their structural graphene layers. GQDs



possess not only intriguing properties of the graphene,[21]-{24] but also
improved solubility and extended fluorescence compared with those of
larger graphene sheets.[18], [25] Interestingly, as a new family member
of the fluorescent materials, GQDs display many merits, such as lower
toxicity, better resistance to photo bleaching and better biocompatibility,
compared with commercial organic dyes and traditional semiconductor
quantum dots (for example, CdS and CdTe).[26] Therefore, fluorescent
GQDs with unique structure and properties provide an unprecedented
opportunity to improve the performance of organic light-emitting
diodes, fuel cells, bioimaging and so on [21], [24]-[27]. Of particular
interest is the recent finding that GQDs can be used as fluorescent
sensing probes to detect inorganic ions, small organic molecules, and
large biomaterials.[18], [28] This is because a) the high photo-stability
of GQDs guarantees the stability of the fluorescence signal, which can
ensure the accuracy of the detection results; b) qualitative detection of
an analyte can be easily achieved by simply monitoring the variation of
the fluorescence intensity of GQDs without the need for expensive
instruments, time-consuming operations and complicated sample
pretreatment; and c) their low toxicity and good biocompatibility make
GQDs safe for humans and the environment. Therefore, GQD-based
fluorescent probes are promising candidates for analyte detection, and

many studies on this topic are emerging at present.

2.2.1. Synthesis of GQDs

Commercially available graphene oxide (GO, 800 mg) was heated in a
furnace at 200 °C for two hours to obtain graphene sheets (GSs), and the
resultant graphene sheets were mixed with 3:1 HNOs: H2SOs. This
mixture was then heated at 90 °C for 3 hours and was diluted with 250
ml distilled water. Further, the mixture was filtered through 0.22 um
microporous syringe filter to remove the acids. Then the purified (300
mg) oxidized GSs were dissolved in 50 ml of Millipore water, and the
pH was adjusted to 8 with NaOH. This mixture was then taken in a

reaction bomb vessel, and the vessel was kept in a hot air oven for 12



hours with a constant heating at 200 °C. Finally, the solution was
dialyzed for 24 hours with a dialysis tube of 3500 K Dalton.

Figure 2.3. TEM image of as obtained GQDs.

2.2.2. Properties of Synthesized GQDs

A transmission electron microscopy (TEM) image of the GQD
nanoparticles was taken and has been shown in Figure 2.3. The

approximate size of the GQDs in the figure can be around 8-10 nm.
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Figure 2.4. FTIR spectrum of GQDs. GQDs were in the form of KBr
pellets, thoroughly dried before mixing with KBr.

For further confirmation of the formation of GQDs, the FT-IR
spectroscopy of GQDs was done and the results obtained is shown in
Figure 2.4. IR spectra depicted a peak at 3462 cm™ due to the presence
of —OH group and a peak at 1715 cm™ for carbonyl group. These two
peaks suggest the presence of the carboxyl group in GQDs.[29] And also



the presence of a peak at 1650 due to carbon-carbon double bond tells
us that these GQDs are completely reduced, and functional groups are

present only at the edge of GQDs.

2.3. Oligo-(p-phenylenevinylene)

Oligo(phenylenevinylene)s (OPVs) are extensively investigated p-
conjugated molecules that exhibit absorption and fluorescence in the
UV-Vis spectral region, which can be widely tuned by chemical
functionalization and external control (e.g., solvent, temperature, pH).
Further modulation of the optoelectronic properties of OPVs is possible
by supramolecular aggregation, primarily driven by hydrogen bonding
or p-stacking interactions. In recent years, extensive research work has
been accomplished in exploiting the unique combination of the
structural and electronic properties of OPVs, most of which have been
targeted at the preparation of molecules and materials featuring

photoinduced energy transfer.

Due to intrinsic absorption and fluorescence behaviors, n-conjugated
OPVs are widely used in the development of optoelectronics and
photonics applications. The optoelectronic behavior of OPVs can be
tuned by chemical functionalization and external stimuli, e.g. pH,
solvent and temperature[30], [31]. Moreover, supramolecular
architectures of functionalized OPVs, which are driven by hydrogen
bonding as well as =-r stacking interactions, are highly conceived.[32]
Well-defined supramolecular architectures are of growing attraction for

applications in optoelectronics and photonics.

2.3.1. Synthesis of OPV

2.3.1.1. Materials:

All starting materials including L-tyrosine, 4-iodobenzoic acid, 1,4-
divinylbenzene, tetrakis(triphenylphosphine)palladium(0) (Pd(PPhs)a.),
1-ethyl-3-(3-dimethylaminopropyl)carbodiimide ~ (EDC),  4-(N,N
dimethylamino) pyridine, 1-hydroxybenzotriazole (HOBt) were
purchased from commercial sources (Sigma-Aldrich, Alfa Aesar and
Merck).



2.3.1.2. Synthesis of Oligo(p-phenylenevinylene)(OPV) Conjugated
Oligopeptide:

Y-4-iodobenzoate (3):

A solution of 4-iodobenzoic acid (4.96 g, 20 mmol) and HOBt (3.51 g,
26 mmol) was stirred in DMF (30 mL). After that, methyl ester of L-
tyrosine (4.29 g, 22 mmol), EDC (4.03 g, 26 mmol) and DMAP (3.17 g,
26 mmol) were added at 0 °C to the stirred solution. The mixture was

allowed to stir at room temperature for 12 h. The reaction mixture was
diluted with ethyl acetate, and the organic layer was washed with 1M
HCI (2 x 60 mL), brine, 1M Na.COs (3 x 60 mL), and again with brine.
The organic layer was dried over Na2SO4 and evaporated under vacuum
to yield compound 3 as a white solid. Yield = 5.200 g (12.23 mmol,
61%). 'H NMR (400 MHz, DMSO-ds): 6 = 9.22 (s, 1H), 8.87 (d, 1H),
7.85 (d, 2H), 7.58 (d, 2H), 7.05 (d, 2H), 6.63 (d, 2H), 4.53 (g, 1H),
3.62(s, 3H), 3.04-2.91 (m, 2H) ppm. ESI-MS m/z calculated for
C17H16NO:sINa: 448.0023 (M+Na)*; found: 448.0025 (M+Na)®.

MeO-Y-OPV-Y-OMe (4):

A mixture of 1,4-divinylbenzene (0.39 g, 3 mmol), compound 3 (2.81 g,
6.6 mmol), and K>CO3z (2.86 g, 21.21 mmol) in 50 mL of DMF was
degassed under vacuum by using an oil pump and purged with nitrogen
three times. After nitrogen purging, Pd(PPhz)4 (138 mg, 0.12 mmol) was
added to the reaction mixture. The resulting mixture was again degassed
and purged with nitrogen three times. Then the reaction mixture was
stirred at 120 °C for 72 h. The mixture was cooled to room temperature
and poured into water and washed with ethyl acetate (3 x 50 mL). The
organic layer was dried over Na;SO4 and evaporated under vacuum,
Desire compound was purified by column chromatography on silica gel
(100-200 mesh) with ethyl acetate/toluene (1:1) as the eluent to get
compound 4 as a white solid. Yield = 1.2015 g (1.66 mmol, 55 %). H
NMR (400 MHz, CDCls, dppm): 0 =7.73 (d, 4H), 7.56 (d, 4H), 7.45-7.32
(m, 4H), 7.21-7.08 (m, 4H), 6.99 (d, 4H), 6.74 (d, 4H), 6.63 (d, 2H),
5.59 (s, 2H), 5.08 (g, 2H), 3.78 (s, 6H), 3.19 (m, 4H) ppm. ESI-MS m/z



calculated for CasHaoN2OgNa: 747.2682 (M+Na)*; found:
747.2677(M+Na)*.

HO-Y-OPV-Y-OH (5):

A solution of 4 (0.72 g, 1 mmol) in dry methanol (10 mL) was allowed
to react with 2M NaOH. The progress of the reaction was monitored by
TLC. The reaction mixture was kept under stirring up for 6 h. Then,
methanol was removed under vacuum. The residue was dissolved in
water (100 mL) and washed with diethyl ether (2 x 20 mL). Then, the
pH of the aqueous layer was adjusted to 2 by using 2M HCI and
extracted with ethyl acetate (3 x 30 mL). The ethyl acetate layer was
dried over anhydrous sodium sulphate and evaporated under vacuum to
yield 5 as white solid. Yield = 0.66 g (0.94 mmol, 94%). *H NMR (400
MHz, DMSO-ds,): 6 = 12.66 (s, 2H), 9.17 (s, 2H), 7.92-7.22 (m, 16H),
7.10 (d, 4H), 6.64 (d, 4H), 4.43 (m, 2H), 3.08-2.92 (m, 4H) ppm. ESI-
MS m/z calculated for C42H3sN20s: 695.2394 (M-H)"; found: 695.2472
(M-H)~.

MeO-YY-OPV-YY-OMe (6):

A solution of compound 5 (0.5574 g, 0.8 mmol) and HOBt (0.248 g,
1.84 mmol) was stirred in DMF (20 mL). To the stirred solution, H2N-
Tyr-OMe (0.171 g, 0.88 mmol), EDC (0.2856 g, 1.84 mmol) and DMAP
(0.224 g, 1.84 mmol) were added at 0 °C. The resulting mixture was
allowed to stir at room temperature for 12 h. The reaction mixture was
diluted with ethyl acetate, and the organic layer was washed with 1M
HCI (2 x 30 mL), brine, 1M Na2COz (3 x 30 mL) and again with brine.
The organic layer was dried over Na2SO4 and evaporated under vacuum
to get compound 6. Yield = 0.46 mg (0.44 mmol, 55.23%) as white solid.
Purification of the product was performed by column chromatography
on silica gel (100-200 mesh) with ethyl acetate/toluene (1:1) as the
eluent. ESI-MS m/z calculated for C42H3sN20OgNa: 1073.3949 (M+Na)™;
found: 1073.3933 (M+Na)".



HO-YY-OPV-YY-OH (1):

A solution of 6 (0.42 g, 0.4 mmol) in dry MeOH (10 mL) was allowed
to react with a 2M solution of NaOH. TLC monitored the progress of
the reaction. The reaction mixture was stirred up for 6 h. Then, methanol
was removed under vacuum. The residue was dissolved in water (100
mL) and washed with diethyl ether (2 x 20 mL). The pH of the aqueous
layer was adjusted to 2 by using 2M HCI and extracted with ethyl acetate
(3 x 30 mL). The ethyl acetate layer was dried over anhydrous sodium

sulphate and evaporated under vacuum to get compound 1 as yellow
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Figure 2.5. Synthetic scheme of compound 1 (HO-YY-OPV-YY-OH).

solid. Yield = 0.34 g (0.33 mmol, 83%). 'H NMR (400 MHz, DMSO-
de): 0 =12.73 (s, 2H), 9.17 (d, 2H), 9.11 (s, 2H), 8.45 (d, 1H), 8.37 (d,
1H), 8.32 (d, 1H), 8.17 (d, 1H), 7.92-6.71 (m, 28H), 6.60 (m, 8H), 4.64
(m, 2H), 4.40 (m, 2H), 2.92-2.60 (m, 8H) ppm. ESI-MS m/z calculated
for CeoHs3sN4O12: 1021.3660 (M-H)'; found: 1021.3622 (M-H)'.

MeO-OPV-OMe (7):

4-lodo-benzoic acid methyl ester (0.724 g, 2.53 mmol),
triphenylphosphine (25 mg, 9.21 mmol), triethylamine (2 mL) and 20
mL DMF were placed in a 100 mL two neck round bottle flask. The

solvent was purged for 30 minutes under nitrogen gas. After that



divinylbenzene (0.15 gm, 1.15 mmol) and Pd(OAc),> (12 mg, 5.75
mmol) were added to the reaction mixture. The reaction mixture was
stirred at 110 °C for 72 hours. The mixture was cooled to room
temperature and poured into water, extracted with dichloromethane.
Organic part was washed with 1M HCI (3 x 100 mL) and brine (3 x 100
mL) solution. Obtained organic part was dried over anhydrous NaSQa.
Finally, after concentrated in a vacuum, the resulting mixture was
purified by silica gel column chromatography (hexane/ethyl acetate =
20:1) to afford the desired product. Yield = 0.25 g (0.63 mmol, 54%).
'H-NMR (400 MHz CDCls) : § = 8.02 (d, 4H), 7.82 (d, 4H), 7.45 (d,
4H), 7.59 (d, 4H), 3.93 (s, 6H) ppm. HRMS-MS m/z calculated for
Co6H2204Na: 421.1416 (M+Na)*; found 421.1430 (M+Na)".
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Figure 2.6. Synthesis scheme of compound 2 (HO-OPV-OH).

HO-OPV-OH (2):

A solution of 7 (0.25 g, 0.62 mmol) in 1M NaOH and 15 mL
MeOH/THF (1:1) was stirred at room temperature, and the reaction was
monitored by TLC. The reaction mixture was stirred up to 5h for
complete conversion. The reaction mixture was concentrated under
vacuum, and the residue was suspended in water. The aqueous layer was
extracted with diethyl ether. The aqueous layer was acidified to pH = 2
with 1M HCI, then extracted with ethyl acetate. The organic layer was
dried over NaxSO4 and concentrated on getting compound 2. Yield =
0.20 g (0.54 mmol, 87% yield). *H-NMR (400MHz, DMSO-ds): & =



12.87 (s, 2H), 8.03 (d, 4H), 7.88 (d, 4H), 7.73 (d, 4H), 7.46 (d, 4H) ppm.
HRMS-MS m/z calculated for C24H1g04Na: 393.1097 (M+Na)*; found
393.1087 (M+Na)".

2.3.2. Properties of Synthesized OPVs

The detailed properties of the synthesized OPVs as per the application
is discussed in Chapter 5. The density functional theory was employed
to calculate the theoretical HOMO and LUMO levels of OPV, as shown
in Figure 2.7, and the calculated values of HOMO and LUMO were -5.4
eV and -2.2 eV respectively. Thus, the calculated bandgap of OPV was
3.2¢eV.

HOMO LUMO

Figure 2.7. Calculated molecular orbitals for compound 1 at the
B3LYP/6-31G** level for C, N, O, and H.
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Chapter 3
Fabrication and Characterization Techniques

The literature has various reports on the diverse techniques that have
been adopted for the preparation of hybrid nanostructures and their thin
films. In the present thesis work, the nanocomposites of ZnO were
grown by using electrodeposition technique on coated substrates. These
substrates (generally glass or silicon) were coated with Ga doped ZnO
or ITO using the ion sputtering process. However, the Pt electrode
pattern has been deposited using RF magnetron sputtering facility at
CEERI-Pilani. The detailed description regarding the selection of
substrate and its cleaning, the deposition system used, the
characterization techniques employed, and the sensor testings are
discussed in detail in the following sections.

3.1. Substrate Selection and Its Cleaning

The quality of the deposited film depends on the nature and surface
condition of the substrate on which the films are grown. The selection
of the substrate generally depends on the type of application, the process,
the cost, the availability and the packaging of the device. Some of the
desired properties in a substrate are — a) good mechanical strength, b)
chemical inertness, c) low porosity, etc. In the present work, different
substrates used for the deposition of sensing film are mainly, silicon
(100 and 111) and borosilicate glass. The selection of Silicon as the
substrate is due to its excellent thermal and mechanical properties, its
wide use in various applications and established fabrication process. The
glass substrates have been used because of their excellent transparency
which is useful for the optical characterizations.

It is a well-known fact that the substrate contamination may affect the

film purity and their adhesion to the substrates. Hence, it is essential to

33



clean the substrates thoroughly before the start of the deposition process
to get films with reproducible properties. The cleaning process involves
the breaking of bonds between contaminants and the substrate. The

choice of cleaning process depends on

e Nature of substrate
e Type of contaminants

e Degree of cleanliness required

The common cleaning procedure includes solvent cleaning, thermal
cleaning by heating the substrate or glow discharge cleaning. The most
commonly used procedure is solvent cleaning. Any dust, fingerprints,
grease or oil on the substrate results in poor adhesion of the deposited
film with the substrate, as a result, the film peels off. Therefore,
substrates were cleaned thoroughly before loading into the deposition
chamber.

3.1.1. Procedures Employed for Si Substrate Cleaning
In the present work, the following procedures were employed for the Si-

substrate cleaning.

e Remove dust using pipette like blower before cleaning the
substrates.

e Ultrasonic cleaning in diluted HF solution to remove native
silicon dioxide from wafers.

e Rinse with de-ionized water to remove any HF remaining.

e Ultrasonic cleaning in diluted TCE solution to remove any
fingerprints on the wafer or any other heavy residue on the wafer.

¢ Rinse with de-ionized water to remove any TCE remaining.

e Ultrasonic cleaning in acetone to remove the organic
remnants/contaminants from the wafers.

e Rinse with de-ionized water to remove any acetone remaining.

e Ultrasonic cleaning in diluted isopropanol solution for

dissolving non-polar contaminants which are left on the wafers.
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e Rinse with de-ionized water to remove any isopropanol
remaining.

e Purge with Nitrogen to remove any water remaining.

3.1.2. Procedure Employed for Glass Substrate Cleaning

Glass substrates have been used because of their excellent transparency
facilitating optical characterizations. In addition to that, the glass
substrates are cost-effective and readily available commercially.
Although there is no definite procedure for cleaning the glass substrate,

the procedure employed in the present work is as described below:

e Ultrasonic cleaning with soap water to remove any fingerprints,
or oil contamination.

e Rinse with de-ionized water to remove any soap remaining.

e Ultrasonic cleaning in acetone to remove tiny dust particles on
the surface through agitation.

e Isopropanol to remove further contaminants.

e Rinse with de-ionized water and blow off the water-droplets.

e Remove any other dust using Nitrogen purging.

3.2. Fabrication Techniques

For the growth of thin films and nanostructures, different fabrication
techniques have been employed. The DIBS system is used for coating
the substrate, and electrodeposition is used for thin film growth in this
research work. The two systems mentioned above is explained concisely

in the following section.

3.2.1. Dual lon Beam Sputtering System

Elettrorava make DIBS system, is a specifically designed, compact,
clean room compatible, and versatile state-of-the-art system. DIBS is a
very effective physical vapor deposition technique for the preparation of
epitaxial films under moderate vacuum, or ultrahigh vacuum conditions

[1-3]. This is a relatively simple and versatile technique commonly used
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for thin-film deposition of high crystalline quality. The main

components of this system are
Q) Deposition chamber,
(i)  Load lock chamber,
(iii)  lon sources,
(iv)  Robotic arm,
(V) Vacuum pumps and vacuum gauges,

(vi)  Heater assembly, water chiller, and parameter controlling

unit

Figure 3.1 shows an actual image of the DIBS system. The system

consists of two chambers. First is the main deposition chamber (DPC),

and the other one is a load lock chamber (LLC).

.‘A\j' ///

Figure 3.1. Actual image of dual ion beam sputtering system.

The actual growth is executed in DPC while the LLC is used for loading
the sample. Both the chambers are separated by a gate valve. The
vacuum is maintained in both DPC and LLC by two separate turbo

molecular pumps. Vacuum gauges are employed to measure the vacuum



level in the deposition and load lock chamber. The background pressure
inside the DPC and LLC are maintained at 10 mbar and 10° mbar
respectively. The chambers are made up of stainless steel as it is non-
corrodible, non-magnetic, easy to weld and clean, highly malleable and
have good out gassing characteristics [4]. The substrate holder is
attached to the heater assembly for maintaining the desired temperature
ranging from room temperature to 1000 °C during the growth as well as
annealing processes. The water chiller is employed to remove heat from
the deposition chamber, target assembly, and vacuum pumps. DIBS
system growth parameters, i.e. growth temperature, gas pressure, gas
composition, and RF power are controlled by parameter controlling unit
of the DIBS system [3-5]. In order to load the sample: first, the pressure
of LLC is released, and then the sample is kept in LLC, which is finally
loaded in the main deposition chamber by an automatic computer-
controlled robotic arm. The DIBS system’s schematic diagram is shown

in Figure 3.2 This DPC chamber consists of two separate ion sources.
Q) Primary ion source or main deposition source

(i) Secondary ion source or assist source

Heater Assembly

Substrate

Crystal
Monitor

Deposition
Ton Source

Assist Ion

Source / \
!\/ 1 Target
\‘7 ’ Assembly

To Vacuum Pump

Figure 3.2. Schematic diagram of dual ion beam sputtering system.
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The function of the main ion source is to sputter materials from a target.
Four targets can be mounted in a rotating target assembly inside the
chamber, and the desired target can be chosen at the time of deposition.
The secondary ion source, i.e. the assist ion source which is exposed to
the substrate, is employed to pre-clean the substrate surface before film
deposition and to hinder island formation and remove weak dangling
bonds during the actual sputtering process [1,2]. The angle between the
primary ion source and the sputtering target is fixed at 45° off normal
while the angle between the assist ion source and the substrate is
maintained at 60°. Another important unique features of the DIBS
system are high-quality growth with reduced surface roughness,
increased growth uniformity on a larger substrate area and in-situ

substrate pre-cleaning before growth.

In DIBS system, Kauffman Robinson ion sources are employed to
generate Ar" ion beam. Ar* ion beam is spatially mono-energetic and
well confined [1-3]. Essentially, an ion beam source is a plasma source
fitted with a set of grids enabling a stream of ions to be extracted. The
primary ion source has three main parts: the discharge chamber, grids,
and neutralizer. When the Ar gas is exposed to an RF field, it results in

the production of Ar* gas in the discharge chamber. The gas is fed into

Accel. Grid Deaccel. Grid
0000000 \”

Gas — Il

i Ton Beam
Screen Grid m —_— Electron
0000000 \
L

Figure 3.3. Schematic diagram of primary ion beam source.
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a quartz or alumina chamber with an RF powered coil around it. The RF
field excites free electrons until they have enough energy to break gas
atoms into ions and electrons. The gas is thus ionized, and plasma is
established. The various voltages applied on grids pull out the Ar* ions
in the form of a beam from the discharge chamber. Primary source
contains three-grids to eject the ions and to reduce the beam spreading.
The neutralizer (hollow cathode electron source) is used in primary
source assembly to neutralize the positive ion beam [2]. The schematic

diagram of the primary ion source is shown in Figure 3.3
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Figure 3.4. Schematic diagram of assist ion source.

The assist ion source mainly contains end-Hall 400 ion source module
and hallow-cathode neutralizer assembly. This source has three varieties
of power supplies (1) Keeper power supply (2) Emission power supply
(3) Discharge power supply. The keeper and emission power supplies
are employed for hollow cathode neutralizer. Discharge power supply
offers voltage and current to end-Hall 400 ion source module. The assist
ion source possesses much higher ion-current capabilities at even low

ion energies (e.g., 200 eV and less) enabling suitable etching rates [4].

Moreover, cost-effectiveness, broad ion-beam coverage, and greater
reliability are the expected rewards of the assist ion source. Figure 3.4
shows the schematic diagram of Assist ion source. The Discharge Power
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Supply offers voltage and current to the anode of the end-Hall 400 ion
source module and generates the positive Ar* ion beam. In order to ignite
the hollow cathode and keeping the cathode hot enough for thermionic
emission of electrons, the Keeper Power Supply delivers voltage and
current to the hollow cathode neutralizer [3,4]. The Emission Power
Supply provides a negative voltage to the hollow cathode after it is
ignited by the Keeper Power Supply and controls the electron beam
emitted from the hollow cathode neutralizer to neutralize the positive

ion beam of end-Hall 400 ion source.

3.2.2. Electrodeposition System

Electrodeposition is an electrochemical process that allows the
preparation of solid deposits on the surface of conductive materials. It is
a commercially highly relevant process, providing the basis for many
industrial applications, such as electro-winning, refining, and metal
plating. Electrodeposits are formed by the action of an electric current
passing in an electrochemical cell, a device that consists of two
conductive or semi-conducting electrodes immersed in an electrolyte.
The electrodes are called the working electrode (cathode), consisting of
the object where electrodeposition is planned, and the counter-electrode
(anode), necessary to complete the electrical circuit. Electrolytes for
electrodeposition are usually aqueous solutions containing positive and
negative ions, prepared by dissolving metal salts. The electric current
that flows between the two conductive electrodes in the presence of an
external voltage is because of the motion of charged species, via
migration and diffusion, towards the surfaces of the polarized
electrodes. At the surface of the electrodes, the conduction mechanism
must change from ionic to electronic, an interface process mediated by
the occurrence of electrochemical reactions that promote the reduction
or the oxidation (redox reactions) of the ionic species. An essential
characteristic of electrochemical reactions is that the exchange of charge
does not occur between chemical species, as it does in a typical chemical

reaction, but between chemical species and the electrode. The
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electrochemical reaction that is most important for the electrodeposition

process is the one that occurs at the working electrode.

To
AUTOLAB
J—‘ Nova
48 "’ - i -
- .=’ Workini electrode
S - 5 Ag/AgClas

reference electrode

> Ptas counter
electrode

Figure 3.5. The electrochemical cell.

This approach is relatively simple and inexpensive, and is known as
galvanostatic system because the current between the electrodes is
controlled (maintained constant). Another important deposition mode is
the pontentiostatic one. This mode is a consequence of the development
of electrochemical science, where electrochemical reactions at the
surfaces of electrodes are carefully investigated. For this, reference
electrodes are developed in order to measure the potential drop near the
surface of the electrodes. Assuming that the electrolyte has sufficiently
high conductivity to avoid any ohmic voltage drop, because of the
resistance of the electrolyte between the electrodes, all the voltage
applied will appear near the surface of the electrodes, where a charged
region is formed. Interestingly, a simple metal foil could be used as a
reference electrode; however, because of the need to have a standard
electrode to measure potential drops at the surface of different types of
working electrode in contact with different electrolytes, a silver/silver
chloride (Ag/AgCl) was elected, and hence all electrode potentials are
quoted relative to this arbitrarily chosen reference electrode. By defining

the potential of the Ag/AgCI as zero, it is possible to generate a table of
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all the possible redox reaction potentials relative to this electrode, and
these potentials are called standard potentials. The potential of an
electrochemical cell, also known as the cell potential or electromotive
force (emf) is the sum of the potential drops at the cathode and anode,
where the reduction and oxidation reactions occur. With the introduction
of a reference electrode, the potentials of these two electrodes can be
measured independently, allowing the independent investigation of the
reactions that are taking place at each electrode (working or counter). A

simple representation of the electrochemical cell is shown in Figure 3.5
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Figure 3.6. The electrodeposition setup by Metrohm (AutoLab).

To measure the electrode potentials and study the various possible cell
reacts, the Autolab potentiostat by Metrohm is used throughout this
work, as shown in Figure 3.6. The N-series Autolab
potentiostat/galvanostat instruments are state of the art instrumentation
that can be used for virtually all electrochemical applications. One of the
important features of Autolab electrochemical instruments is the
modularity. The basis of the instrument is a potentiostat/galvanostat,
which can be further configured to one’s needs by adding one or more
of the available. NOVA is the new electrochemistry software from
Metrohm Autolab. This application is used to control all compatible
Autolab instruments and accessories. NOVA is a powerful and flexible
software with a simple and modern user interface. The design of NOVA

42



is based on simple and effective graphical representations of common

tasks that can be carried out by the instrument.
NOVA provides an extensive list of unique features:

e Asimple, consistent and clear presentation

e A dashboard for all the relevant information

e Tabbed navigation throughout the application

e An extensive library of predefined methods

e An easy to use procedure editor for custom methods

e Powerful 2D and 3D plotting options

e A wide range of data analysis and data handling tools

e A seamless transition from procedure to data and the other way
around

e A powerful procedure scheduler

e Multi Autolab support up to 128 instruments from one computer

e Manual control options of all supported instruments

3.3. Characterization Techniques
The equipment used for the characterization of thin films and hybrid
structures in this research work are demonstrated briefly in the following

sections.

3.3.1. X-Ray Diffraction Measurement

X-Ray diffraction (XRD) is an important technique to examine the
crystallinity, phase, strain, and preferred orientation, etc. of samples [4].
A collimated beam of X-Rays was incident on a sample and diffracted
by the crystalline phases in the sample according to Bragg’s law such

that:

nl = 2d sinf (3.1)

where 1 is the wavelength of the incident X-Ray beam, d is the inter-
plane separation of lattice between atomic planes in the crystalline

phase, 6 is the angle between atomic planes and the incident X-Rays
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beam and n is an integer that represents the interference order (Figure
3.7).

The intensity of the diffracted X-Rays is measured as a function of the
diffraction angle 26. This diffraction pattern is used to identify the
sample crystal orientation [4]. It is well known that atoms of a pure solid

@ ) ® ® -

Figure 3.7. Basic principle of XRD diffraction.

are arranged in a regular periodic pattern called ‘lattice.” The inter-
atomic distance and interaction of atoms in any crystalline lattice is
unique and results in a unique XRD pattern to identify its crystal
structure. The XRD patterns include peak position and intensity of the
diffracted beam, which provides a variety of information about the

samples.

In this research work, the crystal structure of ZnO and the ZnO based
hybrid thin films were characterized using Rigaku SmartLab,
Automated Multipurpose X-Ray Diffractometer equipped with a copper
target (Cu-Ka) to generate the incident X-Rays of wavelength A =
0.154178 nm for the diffraction measurement in Bragg Brentano
configuration. The actual image of this XRD system is shown in Figure
3.8.

44



3.3.2. Field Emission Scanning Electron Microscopy

Field emission scanning electron microscope (FE-SEM) is commonly
used for analyzing morphological properties of the sample under
observation. FE-SEM is considered as a very powerful microscopic
technique which provides 100000 times magnified image of the sample
[5]. The FE-SEM mainly involves four components: (a) an electron
source known as electron gun, (b) an electron condenser lens which

controls the size of the electron beam, (c) XY deflection coils to move

Figure 3.8. Photograph of Rigaku SmartLab, Automated Multipurpose
X-Ray Diffractometer.

the electron beam in a controlled fashion, and (d) the electron detectors.
All components are fixed in a chamber, and this whole chamber is kept
under ultra-high vacuum conditions. In FE-SEM system, a different type
of electron source called Field Emission Gun is used for very high
magnification. In this system, the source is not heated by the current;
instead, an electric field is used to obtain the electrons from the source,
which is a very sharp tungsten crystal or zirconium oxide. Here, the

electrons have energy in the range of 1-40 KeV [5].

When the electron beam falls on the sample, it interacts with the atoms
and the electron is slowed down due to strong elastic scattering. The
atoms absorb the energy and get ionized. Some of the electrons from the
sample atoms are released. These are called ‘secondary electrons’. They

usually have lower energy (< 50 eV) compared to the primary electrons
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from the electron gun. When the electron beam falls on the surface of
sample, the electrons are scattered, and the beam diameter increases.
Hence, in the beginning, it spreads like a cone and the area below the
surface also is probed. The beam energy decreases as it goes deeper
inside the sample. The number of secondary electrons produced also
decreases. Besides, the electrons from the surface easily escape and
arrive at the detector. The electrons from the bottom (trough) may be
captured by other atoms before they escape to the surface. Hence only
fewer secondary electrons from the trough come to the detector. Overall,
the secondary electrons at the detector are essentially produced at the
top of the surface. These secondary electrons are used to present the
morphology and topography of the sample. The detector of instruments
count the number of e-interactions and display to the screen whose

intensity is determined by this number, producing the FE-SEM image
(5], [6].

A ZEISS Supra> FE-SEM system was used to observe the surface
morphologies of the undoped ZnO and ZnO based hybrid thin films.
Figure 3.9 show the actual image of this FE-SEM system.

Figure 3.9. Photograph of FE-SEM and EDX instrument, Zeiss Supra
55.
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3.3.3. Energy Dispersive X-Ray Spectroscopy

Energy Dispersive X-Ray Spectroscopy (EDS or EDX) is a chemical
microanalysis technique used in conjunction with scanning electron
microscopy (SEM). The EDX technique detects X-Rays emitted from
the sample during the bombardment by an electron beam to characterize
the elemental composition of the analyzed volume. Features or phases

as small as 1 um or less can be analyzed [7].

When the sample is bombarded by the SEM's electron beam, electrons
are ejected from the atoms comprising the sample's surface. The
resulting electron vacancies are filled by electrons from a higher state,
and an X-Ray is emitted to balance the energy difference between the
two electrons' states. The X-Ray energy is characteristic of the element

from which it was emitted.

The EDX X-Ray detector measures the relative abundance of emitted
X-Rays versus their energy. The detector is typically lithium-drifted
silicon, solid-state device. When an incident X-Ray strikes the detector,
it creates a charge pulse that is proportional to the energy of the X-Ray.
The charge pulse is converted to a voltage pulse (which remains
proportional to the X-Ray energy) by a charge-sensitive preamplifier.
The signal is then sent to a multichannel analyzer where the pulses are
sorted by voltage. The energy, as determined by the voltage
measurement, for each incident X-Ray is sent to a computer for display
and further data evaluation. The spectrum of X-Ray energy versus
counts is evaluated to determine the elemental composition of the
sampled volume. Quantitative results can be obtained from the relative
X-Ray counts at the characteristic energy levels for the sample

constituents [7].

In this research work, the composition of different elements in ZnO
based hybrids were characterized using energy dispersive X-Ray (EDX,
Zeiss Supra 55).
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3.3.4. Photoluminescence Measurement System

Photoluminescence is the optical emission obtained by photon excitation
and is commonly observed with I11-VV semiconductor materials. This
type of analysis allows non-destructive characterization of
semiconductors [8], [9]. A light source (usually laser) possess the photon
energy larger than the band-gap energy of the semiconductor under
observation producing the electron-hole pairs within the semiconductor.
The produced electron-hole pairs can be recombined via either radiative
or non-radiative recombination. The light emitted from radiative
recombination is detected by a detector which gives the photon count as

a function of wavelength. The information of the energy band structure

Figure 3.10. Actual image of Photoluminescence Measurement Setup.

of semiconductor and defect levels could be obtained from the analysis
of PL spectra [8]. The peak emission in PL spectra correspond to
transitions of electrons from conduction band minimum to valance band
maximum and related to the band gap of the material.

In this research work, the luminescent properties of ZnO based films are
measured by using Dong Woo Optron PL set-up, affixed with a 20 mW
continuous wave (CW) He-Cd laser (excitation wavelength = 325 nm,
TEMOO mode), monochromator, chopper, lock-in amplifier, and a
photomultiplier tube (PMT) detector. All measurements were performed
in a completely dark room. The image of PL spectroscopy experimental

set-up is demonstrated in Figure 3.10
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3.3.5. Variable Angle Variable Wavelength Spectroscopic
Ellipsometry Measurement System

Ellipsometry technique measures a change in polarization as light
reflects or transmits from a material structure [10], [11]. The
polarization change is represented as an amplitude ratio, ¥, and the
phase difference, 4. The measured response depends on optical
properties and thickness of individual materials. Thus, ellipsometry is
primarily used to determine film thickness and optical
constants. However, it is also applied to characterize composition,

crystallinity, roughness, doping concentration, and other material

Figure 3.11. Photographic image of Variable Angle Variable

Wavelength Spectroscopic Ellipsometry system.

properties associated with a change in optical response [10], [11].The
incident light is linear with both p- and s- components. The reflected
light from the sample has undergone amplitude and phase changes for
both p- and s- polarized light, and ellipsometry measures their changes.
The change in polarization is the ellipsometry measurement, commonly
written as:
p= :—i = tany e (32)

where rp and rs are the amplitude reflection coefficients for the p- and s-
polarized light, respectively, tan(¥) is the ratio of the amplitude
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reflection coefficients, and A is the phase difference between s- and p-
polarized light.

The primary components of the ellipsometry system are a light source,
polarization generator, sample, polarization analyzer, and detector [10].
The polarization generator and analyzer are constructed of optical
components that manipulate the polarization: polarizers, compensators,
and phase modulators. In this research work, the thickness of thin films
was measured by M-2000D J. A. Woollam Variable Angle Variable
Wavelength  Spectroscopic  Ellipsometer. In this system, the
measurement can be performed at different angles for the wavelength
range of 200-1000 nm. The photographic image of Variable Angle
Variable Wavelength Spectroscopic Ellipsometer is shown in Figure
3.11.

Figure 3.12. Photographic image representation of HRTEM.

3.3.6. High-Resolution Transmission Electron Microscopy
To understand the operating principle of high-resolution transmission
electron microscopy (HRTEM), one needs to first understand the

operating principle of transmission electron microscopy (TEM). TEM is
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a technique that uses the interaction of energetic electrons with the
sample and provides morphological, compositional and crystallographic
information. The electron emitted from filament passes through the
multiple electromagnetic lenses and makes contact with the screen
where the electrons are converted into light, and an image is obtained.
The speed of electrons is directly related with the electron wavelength
and determines the image resolution. A modern TEM is composed of an
illumination system, a condenser lens system, an objective lens system,
a magnification system, and the data recording system. A set of
condenser lens that focuses the beam on the sample and an objective lens
collects all the electrons after interacting with the sample and form
image of the sample and determines the limit of image resolution.
Finally, a set of intermediate lenses that magnify this image and projects
them on a phosphorous screen or a charge coupled device (CCD). TEM

can be used in imaging and diffraction mode [12].

The high-resolution transmission electron microscopy (HRTEM) uses
both the transmitted and the scattered beams to create an interference
image. It is a phase contrast image and can be as small as the unit cell of
the crystal. In this case, the outgoing modulated electron waves at very
low angles interfere with itself during propagation through the objective
lens. All electrons emerging from the specimen are combined at a point
in the image plane. HRTEM has been extensively and successfully used
for analyzing crystal structures and lattice imperfections in various kinds
of advanced materials on an atomic resolution scale. It can be used for
the characterization of point defects, stacking faults, dislocations,
precipitates grain boundaries, and surface structures [12]. In this
research work, the graphene quantum dots were studied using HRTEM.

The photographic image of HRTEM is shown in Figure 3.12.

3.3.7. 1-V and C-V Measurement system

The current-voltage (I-V) measurement is an important characterization
to characterize the metal contact properties. It is used to identify ohmic
and Schottky metal contact on the semiconductor. It is also used to

evaluate contact properties like contact resistance in the case of ohmic
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contact. For Schottky contact, it is used to determine the barrier height,
ideality factor, and reverse saturation current. The details of I-V

characterization is present in later chapters of this thesis.

The capacitance-voltage (C-V) measurement method is used to
determine the majority carrier concentration in semiconductors. C-V

measurements are capable of yielding quantitative information about the

Figure 3.13. Photographs of (a) probe station and (b) temperature

controller.

diffusion potential and doping concentration in semiconductor
materials. The technique employs p-n junctions, metal-semiconductor
(MS) junctions (Schottky barriers), electrolyte-semiconductor junctions,
metal-insulator-semiconductor (MIS) capacitors, and MIS field effect
transistors (MISFETSs). C-V measurements yield accurate information
about doping concentrations of majority carriers as a function of
distance (depth) from the junction. The detail capacity of the C-V

characterization is present in [13].

Figure 3.13 and Figure 3.14 shows the photographic images of I-V and
C-V measurement setup. The setup includes Everbeing cryogenic probe
station with the temperature range of 80 K to 350 K, source meter
Keithley 2612 A, and semiconductor parameter analyzer (4200A SCS).
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In this research work, I-V measurement is used to measure the light, and

dark currents on Pt coated ZnO and its hybrid thin films. Also, the gas

Figure 3.14. Images of (a) Keithley 2612A and (b) Keithley 4200A

semiconductor parameter analyzer.

sensing was done using the semiconductor parameter analyzer

connected with extra Keithley.

3.4. Device Measurement Set-ups

3.4.1. Incident Photon Conversion Efficiency

The spectral response of a photodetector device provides information on
the physics at play at the device. The quantum efficiency (QE), also
referred to as Incident Photon to Charge Carrier Efficiency (IPCE) -
indicates the ratio of the number of photons incident on a solar cell to
the number of generated charge carriers. In order to understand the
conversion efficiency as a function of the wavelength of light impingent
on the cell, the QE/IPCE measurement is critical for materials research
and device design [18]. This measurement is performed by shining a
monochromatic probe beam onto the sample and recording the
photocurrent generated as a function of wavelength. The beam power of
the probe is first characterized, using a detector of known responsivity.
Subsequent measurement of the photocurrent generated by the device

under test as a function of wavelength allows for the determination of
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spectral responsivity. In this work, the fabricated photodetector devices

were characterized using Bentham PVE300 IPCE system. The actual

image of IPCE measurement set-up is shown in Figure 3.15.

The unique features of IPCE system are as below [18]

(i)

(i)
(iii)

Optimized tunable light source based on xenon-quartz

tungsten halogen dual source and single monochromator.
Wide range of operation (300-2500nm).
Reflective optics beam delivery to sample plane.

Figure 3.15. Photograph of IPCE measurement setup.

(iv)

v)

(vi)
(vii)

(viii)

A range of sample mounts and detection electronics to suit
all device types and architectures.

Windows control software provides full automation via
USB.

Direct determination of device spectral response (AW™1).
Direct determination of device external quantum efficiency
(EQE %)

Direct determination of total reflectance, R and

transmittance, T.

3.4.2. Gas Sensing Set-up

Gas sensing properties of the devices in this work has been measured

with gas sensing setup which consist of one customized stainless steel

chamber (volume roughly 500 cc) with heater system installed in it, two

mass flow controller, one mixer chamber and two gas cylinders as
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shown in Figure 3.16. Response of the device has been formulated as
Ra/Rq for a gas, where Ra is resistance in air and Rg is resistance in gas.
In this setup, for measuring sensor response in different gas
concentrations, synthetic air was mixed in the mixer chamber through
mass flow controller, and finally, mixed concentration was carried out
to sensing chamber. For determining optimum temperature of operation,
heater system has been used to heat the sample, controlled by an external
PID temperature controller. For measuring DC resistance change, a
resistance meter Keithley 2612-A has been used. Finally Keithley has

been calibrated to personal computer for automatic data collection.

Computer interface

Sample Holder
(inside the chamber)

Fan for 3 4
cooling -
e ' 4[]
- \
)

H:S

—m’n—o——\

PID Temperature
controller

Figure 3.16. Gas sensing setup.
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Chapter 4

Photosensitive ZnO-Graphene Quantum Dot
Hybrid Nanocomposite

4.1. Introduction

ZnO has accentuated its place among inorganic semiconductor oxides in
both the physical and the engineering sciences. It has been extensively
studied for the development of exciton-based optoelectronic devices
such as light-emitting diode (LEDs) and photovoltaic cells because of
its direct bandgap of 3.3 eV at room temperature and large exciton
binding energy of 60 meV [1], [2]. Next-generation high-efficiency
devices for optoelectronics and energy applications will primarily be
based on nano-dimensional materials in the forms of quantum dots
(QDs), quantum wires, and quantum wells. These nano-dimensional
materials give rise to unique physical properties due to quantum
confinement effect [3]. Recently, an overwhelming trend has been
noticed worldwide to deploy organic-inorganic hybrid nanocomposite
materials to realize such high-performance optoelectronic and energy
devices and transferring the technology from conventional Si based
substrates to cost-effective and flexible plastic and glass substrates. This
revolutionary approach is expected to open several windows to achieve
high-performance, flexible, transparent devices and modules with

reduced cost-efficiency and better shock-absorbing capability [4], [5].

Lately, hybrid nanocomposite materials based on graphene-nano-
dimensional structures have unfolded as promising candidates to
fabricate such high-performance devices and modules. Graphene is well
known to have unique electrical and optical properties. These properties,
together with its abundance in nature, position graphene as a highly

incipient next-generation conducting material. Graphene quantum dots
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(GQDs) are tiny graphene fragments; where electronic transport is
restrained in all three spatial dimensions [6]. GQDs have been fabricated
by disintegration of graphene sheets (top-down approach), or with
distinct molecular structure (bottom-up approach) [7]. Previous research
work on GQDs were limited to the exploration of their physical
properties [6]. More recently, GQDs have been chemically modified and
prodigally used in applications of energy conversion, bio-analysis, and
sensors [8]. Due to its preeminent electronic and optoelectronic
properties GQDs have huge potential in nanoscale device applications
such as next-generation electronic and optoelectronic devices such as
LEDs and solar cells. GQDs have been reported to have low toxicity,
excellent bio-compatibility, and are generally soluble in most of the
solvents [11]. This serves as an aided advantage to the application of
such ZnO-based hybrid GQD nanocomposites in areas of bio-imaging,
pollutant detection [12], lithium ion batteries, super-capacitors [11],
solar cells [13], gas sensors [14], and optoelectronic devices [15].

However, extensive research work has not yet been reported on the
composite of these two fascinating inorganic (ZnO) and organic (GQD)
hybrid materials. Research on GQD itself is still in a premature stage,
and the full potential of this material has not yet been comprehended,
and therefore, it is quite challenging to find literature on GQDs and ZnO
concoction. The present work includes a comparative analysis of the
properties of GQDs and ZnO-GQD organic—inorganic nanocomposite
films deposited using simple electrochemical deposition process. We
have investigated and comparatively associated the optical and

structural properties of these films using various characterizations.

4.2. Experimental Details

4.2.1. Experimental Layout

The layout of the scheme of deposition of the structures is shown in
Figure 4.1. Three films viz. ZnO, GQDs, and ZnO-GQD nanocomposite
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p-Si (111), substrate

Sputtering GZO by
DIBS technique

| Electro-deposition
technique

v v v

Figure 4.1. Layout of the scheme of deposition of the samples, ZnO,
GQD and ZnO-GQD.

were grown using electrodeposition technique on Ga (3 at. %)-doped
ZnO (GZO) coated high resistive Si (111) substrate. The parameters of
deposition is tabulated in Table 4.1. Deposition of GZO on Si was
performed by dual ion beam sputtering (DIBS) system [16].

Table 4.1. Deposition parameters for ZnO, GQD and ZnO-GQD.

Electrolyte Voltage Time Temperature
V)  (Hr) (°C)

Ag. Zn(NOs3).6H20 -0.9 1 80

Ag. GQD +2.0 1 80

a) Ag. Zn(NO3).6H.0 a)-0.9 20

b) Ag. GQD b) + 2.0

The crystalline structure and morphology of the prepared samples were
characterized by X-ray diffraction (XRD) using Rigaku SmartLab
automated multipurpose X-ray diffractometer with Cu-Ka radiation (A
=1.54 A) and field emission scanning electron microscopy (FESEM)
using Sigma Supra™ 55 of Carl Zeiss, respectively. The transmission
electron microscopy (TEM) was done using JEOL electron microscope
(model: JEM-2100), operated at an accelerating voltage of 200 kV. The
photoluminescence (PL) spectrum of all three samples was obtained at
room temperature by PL setup, affixed with 20 mW continuous wave

He—Cd laser (k = 325 nm, TEMoo mode), monochromator, chopper,
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lock-in amplifier, and a photomultiplier (PMT) detector. For current-
voltage (I-V) characteristics of the samples, cryogenic probe station with
Keithley 2612A sourcemeter was employed. Optical parameters were
obtained using the J. A. Woollam M-2000 variable-angle spectroscopic

ellipsometry setup.

4.2.2. Electrochemical Deposition

Figure 4.2. The electrodeposition setup diagram. Here, CE is Counter
Electrode, RE is Reference Electrode and WE is Working Electrode.

The schematic diagram of electrochemical deposition setup, as shown in
Figure 4.2. The electrodeposition setup diagram. Here, CE is Counter
Electrode, RE is Reference Electrode and WE is Working Electrode.,
was employed to grow hybrid nanocomposite structures. Prior to
electrodeposition, the working electrodes were cleaned with DI water
and purged with high-purity (99.999% pure) nitrogen gas. The
conventional three electrode system was used to deposit GQD, ZnO and
ZnO-GQD organic-inorganic nanocomposites onto the substrate with
platinum (Pt) counter electrode and silver/silver chloride (Ag/AgCl)
reference electrode. AUTOLAB, a computerised potentiostat was

employed to perform the potentiostatic deposition. VVoltammogram was
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used to calculate the deposition potential. For the deposition of ZnO, the
aqueous solution contained 0.2 M zinc nitrate hexahydrate
(Zn(NOs)2-6H20) dissolved in DI water. The electrolyte was stirred
constantly using a magnetic stirrer throughout the deposition and kept at
a temperature of 80 °C (x 2 °C) for 1 hour at a potential of -0.9 V. To
deposit ZnO-GQD hybrid nanocomposite, an agueous solution of GQDs
and Zn(NOz)2:6H20 were deposited for 1 hour at a potential of +2.0 V
using 50 ml aqueous GQD solution with continuous stirring at a
temperature of 80 °C (x 2 °C). Another sample was deposited using 50
ml aqueous GQD solution as electrolyte over GZO/Si working
electrode. This deposition was also carried out for 1 hour at a
temperature of 80 °C (x 2 °C) and with constant stirring of the

electrolyte.

4.3. Results and Discussions:

4.3.1. Voltammogram

The electrochemical behaviour of the samples was studied using the
cyclic voltammetry to optimise the growth potential. The reactions that
correspond to the electrochemical deposition process of growing ZnO

from Zn(NOz3). aqueous solutions are mentioned in equations, [18]

Zn(NO3)2 — Zn?* + 2NO3~ (4.1)
NOz + H20 +2e — NO2 +20H" 4.2)
Zn?* + 20H™ — Zn(OH); (4.3
Zn(OH)2 — ZnO + H20 (4.4)

Initially, the zinc nitrate salt dissolves to give rise to Zn** and NO3™ ions
in aqueous solution ((4.1). Then, the cathode reduction of nitrate ions
release NO ions and OH™ ions near the cathode ((4.2). These Zn?* ions
and OH™ ions combine to form zinc hydroxide ((4.3). Finally, zinc
hydroxide spontaneously dehydrates into ZnO, and H20 ((4.4) as the
solution temperature is higher than 34 °C.[19] Similarly, cyclic
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voltammetry was done for GQD solution, and the voltammogram was
obtained. A sharp peak is observed between 1.8 V and 2 VV which implies
the growth potential can be around these values.
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Figure 4.3. Cyclic voltammogram of GQD.

4.3.2. Morphology and Structure

4.3.2.1. Field Emission Scanning Electron Microscopy

FESEM was used to examine the morphology of the films grown.
FESEM images of ZnO, GQDs and ZnO-GQD nanocomposite samples
are shown in Figure 4.4(a), Figure 4.4(c) and Figure 4.4(d), respectively.

o

},*..3

nanocomposite, respectively, d) TEM image of GQD individual
sample.
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In Figure 4.4(a), deposition of randomly oriented ZnO nano-sheets
almost vertical to the substrate can be noticed. The GQDs deposited on
the GZO substrate can be observed in Figure 4.4(c). However, owing to
the reduced dimension of GQD, it is difficult to have a clear image of
the particles deposited. Hence a TEM image of the GQD nanoparticles
was taken and has been shown in Figure 4.4(b). The approximate size of
the GQDs in the figure can be around 8-10 nm. Also, Figure 4.4(d)
shows the SEM of ZnO-GQD hybrid nanocomposite film. To further
confirm the anchorage of the above nanoparticles XRD analysis has

been performed.

4.3.2.2. X-ray Diffraction

For further confirmation of deposition of the nanoparticles and
investigation of the crystallographic structure with preferred orientation,
XRD patterns were recorded. The pattern of ZnO, GQDs and ZnO-GQD
nanocomposite samples are presented in Figure 4.5. To enhance the
small diffraction peaks, the intensity has been shown in log scale. XRD
pattern shows that the ZnO crystal wurtzite structure with intense peak
at 34.5° that can be indexed to (002) crystal plane. The weaker peak at
~44° can be indexed to (102) reflections.[20] The angular position of
Bragg’s diffraction peak for ZnO (002) plane in the films deposited with
and without GQD demonstrated no apparent difference. This reveals that
the GQD deposition does not affect the orientation of the ZnO peaks
over the studied preparative parameters. Similarly, the existence of the
graphene layer along with the ZnO film is also confirmed by the
appearance of both a broad, intense peak centred at 26 = 25.6° and a
sharper peak at 20 = 34.5°) belonging to GQDs and ZnO,
respectively.[15], [21], [22] However, in case of ZnO-GQD
nanocomposite film, the relative intensity of the Bragg’s diffraction
peak for both ZnO (002) and GQD (002) is comparatively less than that
of the individual diffraction peak of pure ZnO and GQD. This reduction
in intensity value may be due to the formation of ZnO-GQD

nanocomposites.
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Figure 4.5. XRD peaks of ZnO, GQD and ZnO-GQD samples.

4.3.3. Optical Properties

4.3.3.1. Photoluminescence

Room-temperature PL spectra of the ZnO_GQD, GQDs, and ZnO
structures are shown in Figure 4.6(a). The PL peak of ZnO is generally
observed near ultraviolet (UV) region at ~370-385 nm.[23] In our case,
the PL peak from ZnO is observed at 380 nm. Electrodeposition process
might lead to a non-uniform film deposition with various intrinsic
defects[24] which generally helps in producing a broad emission PL
spectrum. ZnO film, primarily grown under oxygen rich conditions,
begets most presumptive intrinsic defects like zinc vacancies, oxygen
interstitial or the extrinsic defects like trapped OH", some functional
group impurities, etc.[25] The energy associate with the hydrogen
related defects and intrinsic defects are in the range of 1.3-3.1 eV,[25],
[26] which in our case is observed as 1.9-2.75 eV (450-650 nm), as
observed in Figure 4.6(a).

GQDs are generally speculated to have a PL mechanism affected by
their size, surface defects, and several functional groups that get
introduced during the synthesis process. GQDs reported so far in the
literature are luminescent, despite the fact that the exact origin of their
luminescent behavior remain intangible.[12] Moreover, each GQD has

some defects due to the incomplete reduction. It has been substantiated
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that the root of these structural defects are the —OH, epoxy/ether, C=O
and —CO-groups.[29] Nevertheless, the synthesis process of GQDs also
determines their PL peaks. GQDs prepared in distinct ways can emit
deep UV,[30] blue,[7], [15], [17], [31]-[33] green,[8], [29] yellow,[34]
red,[35] and even white[33] PL. Various PL peaks ranging from 430 to
510 nm for GQD have been reported based on different excitations
mechanism.[6] In our case, with the excitation of 325 nm, GQD exhibits
a broad PL peak in the region of 340 to 560 nm, with a peak at 415 nm.
These PL peaks are attributed from aromatic =n-m stacking
interactions.[36]-[38]

10F @ 0.6[T——zno-GQD_tight )

— O 4 | [—>—ZnO-GQD_dark
50.8 Al |—— zno_light

:_ 0.8 q —v— ZnO_dark
(4] Zn0O E 0.2 | = GQD_dark
0.6} —— GQD = —» i
."? ZnO-G Q D E 0 . 0 DRRRSHETR
n L
g04 L.0.2= = M,M
<] e F=o—2znO_light
+= - b & i - e =y |o— zn0_dark
c02 A 2l 1 & R >5-04 54 /w < GQD_dark|
- rrr T bt .-.'"Ll‘ O © e — 'El'li

0.0 o . M ; ) -0.6[ . Voltage (V)

400 480 560 640 - 0
Wavelength (nm) Voltage (V)

Figure 4.6. a) Room-temperature PL spectra of ZnO, GQD and ZnO-
GQD nanocomposite, b) I-V characteristics of the samples under dark
condition and illumination at room temperature. Inset shows the I-V of
ZnO and GQD alone.

ZnO-GQD nanocomposite shows a distinct PL peak at 372 nm.
Nevertheless, the peak look similar to the PL peak from ZnO. However,
the spectral location of PL peak (380 nm) observed in ZnO film shows
a marginal blue shift towards the UV region (~372 nm) in case of ZnO-
GQD nanocomposite and the broad peak observed in GQD (340-560
nm) and ZnO (440-640 nm) is also evident in nanocomposite with
supressed intensity. This partial retention of the distinct component
properties in PL is possibly due to the fact that the defects and the surface
states of both ZnO and GQDs might be at play for the consequential
alteration. As GQDs have various functional groups on the surface, on
illuminating its surface, the emission is subjugated by a surface state

emissive trap.[7], [30] Also, these functional groups attach themselves
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to the inorganic molecules (ZnO) and may alter the emission. Hence,
when mixed with ZnO, a characteristic PL curve is obtained. The smaller
shoulder peaks at 415 and 441 nm are also observed in case of the ZnO-
GQD nanocomposite PL spectra[39] which may be elucidated as being
related to functionalization of the GQDs present in the nanocomposite

sample.

4.3.3.2. Current-Voltage (I-V) Characteristics

I-V characteristics of all three samples were studied under both dark and
irradiated conditions. Two indium-ohmic contacts, separated by a
distance of 10 mm were made on the surface of all the three samples.
The samples were then, individually illuminated by a 150 W halogen
lamp and the bias voltage was varied from -1 V to +1 V using Keithley
sourcemeter. Figure 4.6(b) shows the 1-V characteristics of the samples.
All the three samples show similar behavior of photocurrent variation.
Both the dark and the irradiated currents increase linearly with
increasing bias voltage. It is observed from Figure 4.6(b) that ZnO alone
and GQD alone give rise to insignificant current variation with the
change in voltage. However, in the case of ZnO-GQD organic-inorganic
nanocomposite, there is a comparatively larger magnitude of current
variation with the change in bias voltage. This implies that the
intercalation of the organic GQDs improves the I-V characteristics of
the inorganic ZnO, as more number of charge carriers are generated in
the nanocomposite. Such a remarkable enhancement in the I-V
characteristics, i.e., indirectly an improvement in conductivity, would
reduce the series resistance and facilitate charge transport.[40] This
phenomenon is an indication to use such hybrid nanocomposite in the
fabrication of optoelectronic devices that make use of linear I-V
characteristics.

The photosensitivity (S) of the samples can be calculated using the
equation (4.5), [34], [35]

liight Iqark (4.5)

Idark
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where, light and lgark indicate photo-illuminated and dark currents,
respectively. Photosensitivity of the three samples was calculated at the
bias of +1 V. The values of photosensitivity of ZnO, GQD, and ZnO-
GQD nanocomposite were found to be 6.77, 51, and 99.32, respectively
at room temperature. The enhancement of photosensitivity of ZnO-GQD
nanocomposite was 1.9-fold and 14.67-fold as compared to that of
GQDs and ZnO, respectively. This enhanced photosensitivity of the
nanohybrids can hold immense potential for the application in UV-Vis

optoelectronic devices.

4.3.3.3. Spectroscopic Ellipsometry (SE)

Spectroscopic ellipsometry is a tool to probe into the optical response of
materials. Analysis of the change in polarization state, i.e., psi (V) and
delta (A) of the reflected light from the surface of a film enables precise
extraction of the optical constants of the material under study when fitted
employing the various preloaded models in the software.[43] One can
also get the absorption coefficient of the material through this
ellipsometric data analysis.

Ellipsometric characterization of nanoparticles is performed by
generalized ellipsometry or Mueller matrix ellipsometry. Mueller matrix
ellipsometry offers the great advantage that depolarizing samples can
also be analysed, where depolarization may arise due to irregularities of
nanoparticle parameters (e.g., shape, size, and ordering) and from
multiple scattering.[44] Change in nanoparticle parameters changes the
optical properties such as dielectric function, optical band gap of
material, etc. Additionally, the fact that the method of preparation and
deposition of nanoparticles affects the band gap and optical emissions
cannot be neglected. Hence, considering all these, the generalised
ellipsometric data was acquired and the curves were fitted using general
oscillators (GenOsc) model[43] and the surface roughness was modelled
considering air voids in co-ordination with other layers based on
Bruggeman effective medium approximation (EMA),[45] since the
films grown can be considered anisotropic. For determination of

absorption and optical parameters in the case of ZnO-GQD
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nanocomposites, Cody-Lorentz and Lorentz models have been
implemented to achieve better data fitting.[46] The spectra of ¥ and A
for ZnO, GQDs and ZnO-GQD nanocomposite for 70° as optical
incident angle are depicted in Figure 4.7 (c) and (d). The fringe pattern
below the ZnO band gap (~3.3 eV) is due to interference phenomenon
between the wave fronts generated at the interfaces (air-ZnO/ZnO-
GZO/GZO0-Si).[47] On the contrary, less or no interference oscillations
above band gap reveal light absorption due to inter-band transitions in
GQDs and ZnO-GQD samples. The valley in ¥ primarily indicates

thickness of the nanostructures.[46]
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Figure 4.7. a) n, b) k, ¢) ¥, and d) A variation of ZnO, GODs and
ZnO-GQD nanocomposite.

The optical constants play an imperative role in scheming of the
optoelectronic devices because they are closely associated to the
electronic polarizability of ions and the local field inside the
material.[48] Figure 4.7(a) and (b) show the refractive index (n) and
extinction coefficient (k) of the nanostructures grown, which is obtained
by data conversion using the respective ¥ and A values. The value of n
is seen to be always high in case of ZnO-GQD nano-hybrid material in
comparison to that of ZnO. However, in case of GQDs, the value of n

demonstrates variation with the change in optical energy. Since quantum
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dots are directly deposited on the substrate, the substrate plays an
important role in determination of the optical parameters. The value of
k of ZnO-GQD composite nanohybrids can be seen to be reducing to
zero for wavelength > 360 nm. This indicates that ZnO-GQD composite
nanohybrids are optically more transparent and lossless as compared to
pure organic (GQDs) and inorganic (ZnO) samples. As in Figure 4.7(b),
both ZnO and GQD show comparatively higher k values in the visible
region pertaining to their high absorption in this region.
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Figure 4.8. Spectral variation of absorption coefficient of ZnO, GQDs
and ZnO-GQD nanocomposite as fitted from SE. Inset shows

corresponding Tauc’s plots.

Figure 4.8 shows the absorption coefficient (o) and the evaluation of
energy band gaps of the three samples under consideration. The band

gaps were calculated using equations (4.6) and ((4.7),[49]

(ahv) 2= A (E - Eg) (4.6)
o= M;—k (4.7)

where A is a constant, Ey is the optical band gap, and A is the wavelength.

Eg is determined by extrapolation in the Tauc’s plot at which (ohv)? =
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0.[49] The values of optical band gap for ZnO, GQD, and ZnO-GQD
nanostructure, as obtained from PL and SE data analysis are summarized
in Table 4.2. The most interesting feature of the absorption peak is the
sudden shooting up of the peak before the bandgap region in case of
GQD and ZnO-GQD nanocomposite samples. This phenomenon can be
attributed to the excitonic behaviour of the GQDs. Excitons in graphene
have an interminable Bohr diameter, resulting in quantum confinement
effects when scaled down to QDs of any defined size.[50] In general,
the absorption spectra of GQDs have been reported to show a prominent
peak at ~230 nm, accredited to the m—n* excitation of the aromatic sp?
domains.[30] However, in our case, this exciton peak is observed at
~220 nm. In addition to this, ZnO-GQD nanocomposite shows
absorption peaks at 290 and 325 nm which are attributed for n-n*
transition of C=0 bonds.*® As compared to film with GQD alone, in
ZnO-GQD nanocomposite film, these peaks are less pronounced
confirming a correlation between ZnO and GQD nanoparticles.
Table 4.2. Bandgap of the ZnO, GQD and ZnO_GQD nanocomposite
as obtained from PL and SE measurements.

Sample MSE Bandgap from Bandgap from

PL at room SE at room

temperature temperature

(eV) (eV)

Zn0O 18.17 3.26 3.20
GQD 15.49 2.93 3.01
ZnO-GQD 16.06 3.33 3.55

4.4. Conclusion

In summary, we have made an effort to demonstrate a simple and facile
methodology, i.e., electrodeposition for synthesizing GQD and ZnO-
GQD nanocomposite films. The effect of addition of GQD to ZnO has
been established through characterization techniques such as PL,
FESEM, |-V characteristics and SE measurements. Studies revealed that

the GQDs play a significant role in shifting the PL peaks of the films.
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Observations also concluded that the ZnO-GQD nanocomposites, in
comparision to the ZnO and GQD individual films, produced higher
optical band gap (3.33 eV). The electrical measurements also showed
improved current sensitivity of the ZnO-GQD hybrid nanocomposites
film over pure organic GQD and inorganic ZnO film. It can be expected
that with further study on this nanocomposites, it will be easier to put
this environmentally benign nanocomposites material for various

applications in electronics.
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Chapter 5

Devices Based on ZnO-OPV Nanocomposites

In the perspective of device fabrication, the hybrids containing
conjugated organic moiety have been exploited in areas such as
photodetectors, transistors, sensors, etc. Blending organic molecules
with the inorganic network is seen to offer extra benefits such as tuning
the optical spectra, the lifetime of trap states, sensitivity and response
time. Sensitivity can be optimised by controlling the structure of nano-
hybrids to maximize the density of organics bound to the inorganic
surface and also minimize the turbulence and discontinuities in

conduction through the permeating network.

In general, in the self-assembly of nt-conjugated arrangements, various
unambiguous interactions work concurrently, and the resulting strength
gives way to many interconnected advances. This perspective inspired
us to accomplish our goal of synthesizing self-assembled hybrid
nanostructures having both electronically active organic (i.e., OPV) and
inorganic (ZnO) components. ZnO-based optoelectronic and sensing
devices have rapidly gained momentum due to its inimitable properties
such as high exciton binding energy, high radiation resistance, chemical
and thermal stability in strident ambience, etc. Additionally, one
amongst the most noteworthy properties of ZnO lies in its rich and
precisely accessible nanostructures. Due to intrinsic absorption and
fluorescence behaviors, n-conjugated OPVs are being widely used in the
development of optoelectronics and photonics applications. The
optoelectronic behaviour of OPVs can be tuned by chemical
functionalization and external stimuli, e.g., pH, solvent and temperature.
Moreover, supramolecular architectures of functionalized OPVs, which

are driven by hydrogen bonding as well as n-rt stacking interactions, are
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highly conceived. Well-defined supramolecular architectures are of

growing attraction for applications in optoelectronics and sensing.

5.1. ZnO-OPV Based Photodetector

5.1.1. Introduction

In agreement with the expedient material’s properties, as discussed in
Chapter 2, the present work reports, for the first time in literature,
electrochemically deposited hybrid ZnO and OPV blended thin film.
Electrodeposition is known to be a low-cost technique requiring no
sophisticated instrumentation. It also has some added advantages such
as low-temperature chemical processing, any permissible substrate
shape, controllable film thickness and growth under normal laboratory
conditions. However, besides shape and size, a highly ordered
nanostructure enhances the performance of such devices.[1] Hence, this
work reports, the self-assembly of an organic surfactant viz. dipeptide-
functionalized OPV which interacts with inorganic ZnO forming ZnO-
f-OPV nano-hybrids. The f-OPV contains functional acid groups at the
terminals that can bind to zinc ions in the inorganic phase, and their
hydrophobic segment is a conjugated moiety of OPV. The f-OPV
enhanced the self-assembly of the hybrid owing to their tendency to
form hydrogen bonding and =-rt stacking interactions. The acid
functional group —COO" of f-OPV covalently attaches on the growing
ZnO and influences its structure and morphology. The present work
aims to thoroughly examine the role of dipeptides present in f-OPV in
modifying the properties of ZnO considering its ability to act as a
template. Additionally, the chapter talks about the application of these
hybrids as: a) UV photodetector, and b) ammonia gas sensor.

5.1.2. Experimental Section

5.1.2.1. The Growth of Working Electrodes:

120 nm thick dual ion beam sputtered (DIBS) Indium Tin Oxide (ITO)
thin films on glass substrates were used as electrodes. DIBS technique
offers a distinct advantage of in-situ pre-cleaning of the substrate over

other sputtering techniques. The technique ensures better compositional

82



stoichiometry and film adhesion to the substrate even for room
temperature material growth. It offers high-quality growth with reduced
surface roughness and better uniformity over the large surface area.[2]
ITO thin films were deposited at 300 K by sputtering 99.99% pure 4-

inch diameter ITO target disc for 5 hours in pure Ar ambience.

5.1.2.2. Electrochemical Synthesis:

Electrochemical syntheses were carried out in 24 mL solutions (1:1 (v/v)
DMSO/H20) of 0.02 M Zn(NO)z-6H20 (Aldrich, 98%) with 2.0 mg
organic surfactant using a three-electrode set-up (Autolab potentiostat)
with a Pt counter electrode and an Ag/AgCI reference electrode.[3]
Water is required for reduction of NO™ 2 to generate OH™, and DMSO is
added for surfactant solubility. Working electrode substrates (indium tin
oxide (ITO)) were placed upright in the cell and deposition was achieved
potent io statically at —0.9 V for 30 min—20 h, depending on growth time,
under constant magnetic stirring at 80 °C. Deposited films were rinsed
with water and dried with dry N2. For device measurements and all other
characterization, 2.5 cm x 2 cm ITO-glass (120 nm thin, grown by DIBS
system) electrodes were used.

5.1.2.3. Synthesis of Thin Film Standards:

ZnO thin film was used as a standard for powder XRD, responsivity and
I-V measurement. The conventional three electrode system was used to
deposit ZnO onto the substrate (ITO coated glass) with platinum (Pt)
counter electrode and silver/silver chloride (Ag/AgCl) reference
electrode. AUTOLAB, a computerised potentiostat was employed to
perform the potentiostatic deposition. For the deposition of ZnO, the
aqueous solution contained 0.2 M zinc nitrate hexahydrate
(Zn(NO:s)2-6H20) dissolved in DI water.[3] The electrolyte was stirred
constantly throughout the deposition and kept at a temperature of 80 °C

(x 2 °C) for 1 hour at a potential of -0.9 V.

5.1.3. Device Characterization:
The crystalline structure and morphology of the prepared samples were
characterised by X-ray diffraction (XRD) using Rigaku SmartLab
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automated multipurpose X-ray diffractometer with Cu-Ka radiation (A
= 1.54 A) and field emission scanning electron microscopy (FESEM)
using Sigma Supra™ 55 of Carl Zeiss, respectively. The
photoluminescence (PL) spectra of all three samples were obtained at
room temperature by PL setup, affixed with 20 mW continuous wave
He—Cd laser (A = 325 nm, TEMgo mode), monochromator, chopper, a
lock-in amplifier, and a photomultiplier (PMT) detector. For current-
voltage (I-V) characteristics of the samples, cryogenic probe station with
Keithley 2612A sourcemeter was employed. The spectral response and
the external quantum efficiency (EQE) of the devices were done on
Bentham photovoltaic characterization system consisting of 150 W Xe
lamp, chopper, monochromator, and a lock-in amplifier. Optical
modeling was done using the J. A. Woollam M-2000 variable-angle

spectroscopic ellipsometry setup.

5.1.4. Results and Discussions

5.1.4.1. Morphology and Structure

Figure 5.1(a) and 5.1(b) show field-effect scanning electron microscopy
(FE-SEM) images of as-deposited structures of ZnO-OPV and ZnO-f-
OPV respectively. For a typical synthesis, these structures are
homogeneously deposited across the entire substrate with the
nanostructures being randomly oriented and the structures in case of
ZnO-f-OPV looked similar to ZnO nano-flakes. To determine the
chemical composition of both the hybrid nanostructures, an energy
dispersive X-ray (EDX) analysis has been performed. Figure 5.1(c) and
5.1 (d) show the EDX spectra ZnO-OPV and ZnO-f-OPV respectively.
The spectra confirm the presence of C, N, O and Zn species in both
nanohybrids. The presence of C and N in the organic has been used to
determine the Zn/surfactant stoichiometry. EDX yielded Zn/C atomic
ratio of 1.12 in ZnO-OPV and that of 0.28 in case of ZnO-f-OPV.
Further, the Zn/N atomic ratios were 0.56 and 1.36 in case of ZnO-OPV
and ZnO-f-OPV respectively. The compositional differences suggest a
non-uniform chemical compatibility between ZnO and the two
surfactants. X-ray diffraction (XRD) pattern of ZnO, ZnO-OPV and
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ZnO-f-OPV is shown in Figure 5.1(d). In all the cases, (100), (002) and
(101) diffraction peaks of ZnO are dominant. However, in case of ZnO-
OPV and ZnO-f-OPV, the intensity of these peaks seems to be altered.
Apart from the ZnO peaks, (005) and (006) reflections from the organic
molecules are also quite prominent in case of ZnO-f-OPV. XRD
measurements in the range of 20 varying from 2° to 6° were also
performed in order to confirm the presence of lamellar structure in ZnO-
f-OPV nanohybrids. Figure 5.1(f) shows the X-ray scattering at small

angles confirming the highly ordered lamellar structure with d-spacing
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Figure 5.1. a) FE-SEM of ZnO-OPV hybrid, b) FE-SEM of ZnO-f-OPV
hybrid, c) EDX image of ZnO-OPV, d) EDX image of ZnO-f-OPV, e)
XRD pattern of ZnO, ZnO-OPV and ZnO-f-OPV hybrid compared.
Asterisk (*) represents some organic phase. f) XRD pattern of ZnO-
OPV and ZnO-f-OPV hybrid at a smaller angle showing a lamellar
structure of the ZnO-f-OPV hybrid.

85



of 32 A, 28 A, 25 A and 21 A corresponding to (001), (002), (003) and

(004) reflections, respectively.

Interestingly, lamellar structures have been found to have profound
application in optoelectronic devices[4], [5]; hence, we proceeded
further, to fabricate a device based on ZnO-f-OPV.

5.1.4.2. The Device Structure

Figure 5.2(a) shows the schematics of the fabricated device. The sensing
layer has been varied consisting of a) ZnO b) ZnO-f-OPV hybrid in order
to present a comparative analysis. Figure 5.2(b) shows the graphics of
the energy level diagram of the photodetector under zero bias with
sensing layer consisting of ZnO-f-OPV hybrid. The conduction band
minima (-4.2 eV) and the valence band maxima (-7.6 eV) of ZnO have
been taken from literature[6], [7]. The band gap of f-OPV having the
HOMO level at -5.4 eV and the LUMO level at -2.2 eV has been
calculated using density functional theory as discussed in Chapter 2. The
band gap thus calculated is 3.2 eV for f-OPV and 3.4 eV for ZnO.

a b LUMO
-2.2eV
f-OPV
Sensing layer / 4
= HOMO Pt 6.2eV

Figure 5.2. a) Schematic diagram of the fabricated device, b) Energy band

diagram of photodetector under zero bias for the device with hybrid

nanostructure as sensing (photo-detecting) layer.

5.1.4.3. Device Performances

Figure 5.3 shows the complete summary of the performance
measurement of hybrid nanocomposite based photodetector. Figure
5.3(a) shows the schematic of the Incident Photon-to-Current Efficiency
(IPCE) measurement set-up. Responsivity, R, of a photodetector, can be
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defined as a ratio of generated photocurrent (Jph) to the incident light

intensity (Liight) at a given wavelength. It is expressed as,

R = Jph (5.1)
Liigne

where Jph is the photocurrent and Liignt IS the incident light intensity.
Further, R is proportional to the quantum yield of the photodetector, and
therefore, high external quantum efficiency is essential. Figure 5.3(b)
and 5.3(c) show responsivity curve on excitation with white light in the
case of both ZnO and ZnO-f-OPV hybrid. However, it can be noticed
that the highest responsivity of the hybrid (0.2 AW™) is 10 times greater
than that of ZnO (0.02 AW™) at -20 V. Interestingly, the responsivity
pattern in case of hybrid does not follow the same pattern as of its

constituent (i.e., ZnO) but, becomes band selective.
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Figure 5.3. a) Schematic of IPC System, b) Responsivity of ZnO based
detector c¢) Responsivity of ZnO-f-OPV hybrid based detector d)
Responsivity of ZnO-f-OPV hybrid detector compared with ZnO detector
at zero bias (responsivity at zero bias is x 50 times multiplied) and at a
reverse bias of 20V.

Further, on increasing the reverse bias from zero to -20 V, the spectral

response considerably incurred a blue shift and the response covered a
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short wavelength of 320~350 nm which is a UV range. This
phenomenon may be attributed to the lamellar structure so formed. To
the best of our knowledge, the best-reported value of room-temperature
responsivity of f-OPV based hybrid is 0.8 mAW at zero bias[8] which
in our case is much higher at ~1.7 mAW. The comparison of the
responsivity of the ZnO alone and hybrid device at zero bias and at -20

V bias has been mentioned in Figure 5.3(d).
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Figure 5.4. a) Comparison of the quantum efficiencies and the specific
detectivity of ZnO alone and ZnO-f-OPV hybrid based detectors. b)
Comparative analysis of 1-V curves of sensing films of ZnO alone and
ZnO-f-OPV hybrid.

Another critical parameter for a photodetector is its external quantum
efficiency (EQE), which is the ratio of free charge carriers accumulated
by the device to incident photons. EQE (1) is obtained by measuring the
photocurrent spectrum of the device under test and comparing it to the
photocurrent spectrum of a calibrated photodetector (Si, in our case) as
a reference, thereby removing the spectral characteristics of the test
system. From our experimental results, maximum 1 for hybrid sample
is calculated to be 75.5% at 20 V as plotted in Figure 5.4(a) which is
much higher than that obtained for ZnO alone sample (6.83% at 20 V).
Along with n, internal quantum efficiency (IQE) has also been plotted

in Figure 5.4(a).

IQE was calculated by optical modeling[9] using spectroscopic

ellipsometry (SE) and calculated as
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n (5.2)
IQE =
Q 1 — reflectance

The maximum IQE corresponding to the maximum EQE for hybrid
sample was obtained to be approximately 116%, comparatively higher
than IQE of 90% of a ZnO based hybrid recently reported by Benjamin
et al.[10] Yet another important figure of merit for a photodetector is the
specific detectivity (D*) that defines a photodetector in terms of its
efficiency to detect the weakest light signal[11]. However, the specific
detectivity is limited by two factors viz. responsivity and noise current.
Hence, considering the dark current as the main source of noise, the
specific detectivity of a device can be given by the formula[12]

Ry (5.3)

aY; qudark

where 14,4, 1S the dark current at the same value of reverse bias as used

D* =

for responsivity at a particular wavelength (R;) and q is the charge of an
electron. The specific detectivities at 325 nm and 20 V were 2.4x10%°
Jones for ZnO-f-OPV device and 2.7x10° Jones for ZnO device. To the
best of our knowledge, this is the highest D* value reported for a
lamellar hybrid based UV-photodetector. The value of specific
detectivity for a similar lamellar structure has been reported by Sofos et
al. to be as high as 2x10%° Jones.[4] Interestingly, though this is the first
time reported ZnO-f-OPV photodetector, the results are quite
comparable to the previously reported ones. Furthermore, in our hybrid
samples, selective photoexcitation of the nanocomposite lead to an
increase in light current as in Figure 5.4(b), which shows the current to
voltage characteristics of the hybrid compared with ZnO at A = 325 nm.
It is known that ZnO forms schottky contact with Pt (Figure 5.4(b)).[13]
However in our case, it is observed that the hybrid structure forms a
“quasi ohmic” contact with Pt.[8] Under illumination, the trapped
electrons align the Fermi energy of the nanocomposite with that of the

electrode thus boosting the current.[14]
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The dynamic photoresponse of ZnO-f-OPV was measured under
chopped illumination (100 s ON and 50 s OFF) of UV-light (325 nm)
while simultaneously measuring the current value at -5 V applied bias.
The logarithmic plot of photocurrent vs. time of the ZnO-f-OPV hybrid
in Figure 5.5(a) shows that soon after illumination, the current value
increases about 2 orders higher than the dark current value. Once the
illumination is off, immediately it is restored to its dark value. Figure
5.5(b) elucidates the effect of UV corresponding to the blend film before

and after UV exposure, respectively.
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Figure 5.5. a) Temporal response of ZnO-f-oligophenylenevinylene
hybrid at 325 nm and -5 V bias b) charge generation and transport
model when UV light is off and when it is on at same bias and
wavelength.
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When the ZnO-f-OPV hybrid photodetector device is illuminated with a
wavelength 325 nm, excitons are generated in both f-OPV and ZnO. On
externally applying a bias, these photogenerated excitons in ZnO or f-
OPV dissociate at various interfaces formed between the oligomer and
ZnO inside the bulk and thus form a complimentary trajectory for the
electrons from oligomer to transfer onto ZnO and holes to transfer onto
f-OPV.[15] The overall photocurrent is thus increased. The maximum
photocurrent value of 5.8 mA is similar to the value estimated from the
I-V characteristics. There could be multiple processes leading to such
an increase in the photocurrent. It has been previously reported that
oxygen is necessary for the correct functioning of ZnO as an electron
acceptor in these devices.[16] Since a lot of oxygen vacancies exist in
the as-prepared ZnO nanostructure, it seems that such vacancies play a
crucial role in the UV response as well. Additionally, when a high
reverse bias is applied, the efficiency of charge transfer at the interface
of ZnO and f-OPV is improved, substantiating more electron injection
into ZnO thereby increasing light current.[17] However, both the rise
and fall time of the response are approximately 0.8 s which can be
obtained from the enlarged rising and decaying edges of the
photoresponse  curve, indicating an average photoresponse
characteristics. Most likely, the charge trapping at the grain boundaries
of the hybrid film is detrimental to the device performance.[18] Also,
the presence of deep traps, which have longer charge release times,
renders the device sluggish. Moreover, the photodetector response speed
is also related to trap occupancy, which depends on light intensity.
However, the response time at various light intensities could not be
measured due to a limitation in the measurement system. A further
enhancement in the device characteristics can be encouraged with
appropriate device engineering, such as changing the ratio of organic to
inorganic, changing the pH of the deposition solution, using a lower
work-function electrode, etc. Nevertheless, in contrast to the previously
reported photodetectors, our hybrid ultraviolet photodetectors are cost-
effective and can be scaled up effortlessly to large areas. Furthermore,

to check the stability of the devices, the devices were exposed to air and
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kept in room ambience for eleven months, but no visible change in

device performance was observed.

5.2. ZnO-OPV Based Gas Sensor

5.2.1. Introduction

Ammonia (NHa) is a conventional ingredient for a number of industries
and also for various factories including the fertiliser industry, the
petrochemical industry, etc. Occupational Safety and Health
Administration (OSHA) declared that a threshold of 25 ppm of NH3 in
air is quite dangerous for the human health [19]. Therefore, the
development of a highly sensitive and highly selective ammonia sensor
is important in view of the escalating environmental pollution. In the
perspective of a device fabrication, especially in the contemporary and
forthcoming era of plastic electronics, the use of hybrid nanostructures
in gas sensor is an emerging research topic due to ease of tuning of the

material properties.

Metal oxides have been extensively used as gas sensors due to their
irreplaceable advantages, viz. low cost, small size and simple fabrication
[20]-[22]. Their gas sensing mechanism is based on the electrical
conductivity changes as a consequence of the chemical or physical
interaction of the testing gas molecules with the gas-sensitive materials
during exposure to analyte gas [23]-[25]. However, the challenge of
fabricating gas-sensing elements with high performances such as high
sensitivity, good selectivity and stability, fast response, low working
temperature, and tunable parameters, still persists. Such performance is
very important for the development of next-generation nanostructured
gas-sensors. Interestingly, the self-assembly of n-conjugated molecules
have been reported to result in many reciprocal developments towards
such applications due to their unambiguous interactions within [26]—
[29]. The hybrids formed from such self-assembled molecules are
expected to be categorized as important materials. Recently, the

different conducting polymer-inorganic nanocomposite conjugations
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have received much attention because of their interesting properties and

innumerable applications covering a wide area of interest [30]-[33].

ZnO is a typical n-type semiconductor, abundantly available and
believed to be nontoxic and biocompatible [34], with many potential
applications such as field effect transistors (FETS), gas sensors,
nanogenerators, solar cells, photodetectors, materials for storing
hydrogen, chemical sensors, and biosensors [35]-[42]. Moreover, the
structural designs of functionalized oligo(p-phenylenevinylene), which
are mostly controlled by hydrogen bonding as well as - stacking
interactions are recently being considered too much extent due to their
numerous applications [43]. Oligophenylenevinylene (OPV) is one of
the typical conductive polymers which is usually considered as a p-type
material and is used in making light batteries, electromagnetic shielding
device, corrosion preventing coatings, and various sensors [8], [43],
[44]. However, the ZnO-OPV composites have not been intensively
studied among different composites and, hence, they can be expected to

find applications in various devices.

Given the above-mentioned advantages of the materials properties, this
work demonstrates, for the first time, the electrochemically deposited
hybrid ZnO and OPV composite based gas sensor which is shown in
Figure 5.6. Electrodeposition is known to be an economical technique
requiring no intricate machinery. It also has several added advantages
viz. low temperature processing, any favourable substrate dimension,
controllable film thickness and growth under normal laboratory
ambience [45]. Nonetheless, a highly ordered nanostructure is also
significant to enhance the performance of such devices [46].
Considering the above perspective, the functionalized OPV, being
known for its self-assembling architecture, interacts with the inorganic
Zn0O and forms ZnO-OPV composite. The functional group in the OPV
can bind with the zinc ions in the inorganic phase. More importantly, the
concept of this work is to use an environmentally benign and cheap

composite based thin film as the sensing layer.
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Figure 5.6. Schematic diagram of the preparation process for the
ZnO-OPV hybrid.

5.2.2. Experimenat! Section

5.2.2.1. The Growth of Working Electrodes:

120 nm of indium tin oxide (ITO) thin films, deposited by dual ion beam
sputtered (DIBS) on glass substrates were used as working electrodes.
DIBS offers a distinctive advantage of in-situ pre-cleaning of the
substrate over other sputtering techniques. The technique not only
ensures better compositional ratios and film adherence but also offers
high-quality growth with less surface roughness and improved
homogeneity over the large surface area [2]. ITO thin films were
deposited at 300 K by sputtering 99.99% pure 4-inch diameter ITO
target disc for 5 h in pure Ar ambience.

5.2.2.2. Electrochemical Synthesis

Zn(NO)3-6H20 (Aldrich, 98%) (0.02 M) with 2.0 mg OPV (compound
1) were dissolved in 24 ml solutions (1:1 (v/v) DMSO/H20) to make the
electrolyte. Autolab Potentiostat consisting a Pt counter electrode and
an Ag/AgCl reference electrode were used for the electrochemical

deposition [3]. Water facilitates reduction of NO ™ to generate OH", and
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DMSO assists surfactant solubility. Working electrodes were placed
upright in the cell and deposition was carried out at —0.9 V for 30 min,
under constant magnetic stirring at 80 °C. The deposited films were
rinsed with DI water and dried with dry nitrogen gas. For device
measurements and all other characterization, 2.5 cmx2 cm ITO-glass

(120 nm thin, grown by DIBS system) electrodes were used.

5.2.2.3. Synthesis of Standard Film

ZnO thin film was used as a standard for XRD and response
measurements. For the deposition of ZnO, the aqueous solution
contained 0.2 M zinc nitrate hexahydrate (Zn(NO3)2-6H20) dissolved in
DI water [3]. The electrolyte was stirred constantly throughout the
deposition at a temperature of 80 “C (£ 2 °C) for 1 h at a potential of -
0.9 V.

5.2.2.4. Device Fabrication

An active layer of ZnO templated with OPV was electrochemically
deposited onto an ITO coated glass anode (10 Q.cm™). The ZnO-OPV
was annealed under vacuum at 150 °C for 2 h. On this film, the circular
Pt electrodes, 3 mm apart, were directly deposited by RF-sputtering

using a suitable mask.

5.2.3. Device Characterization

Rigaku SmartLab automated multipurpose X-ray diffractometer (XRD)
with Cu-Ka radiation (A = 1.54 A) and field emission scanning electron
microscopy (FESEM) using Sigma Supra™ 55 of Carl Zeiss were
deployed to study the crystal structure and morphology, respectively of
the prepared samples. Gas sensing properties of the ZnO-OPV
composite based sensor were characterized in a dynamic flow-through
measurement system comprising a custom made stainless steel based
cylindrical gas sensing chamber. This chamber is installed with a
cylindrical heater which acts as a sample holder as well. The temperature
of the heater is controlled by an externally connected precise PID
temperature controller (with an accuracy of + 1 °C). The flow rate of gas
was controlled by a mass flow controller (model: Alicat®, MC 1 slpm,
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USA). The change in resistances were measured using the Keithley

4200A-SCS parameter analyzer.

5.2.4. Results and Discussions

5.2.4.1. Morphology and Structure

Figure 5.7(a) shows the field emission scanning electron microscopy
(FESEM) image of annealed ZnO-OPV. It is seen that these structures
are evenly deposited across the entire substrate with the nanostructures
being oriented haphazardly. Although the orientation is random, the
nanostructures are aggregated and closely associated with each other
which can prove beneficial for better charge transport. An energy
dispersive X-ray (EDX) analysis has been performed to determine the
chemical composition of the hybrid nanostructures (annealed ZnO-
OPV), as shown in Figure 5.7(b). The figure clearly shows the existing
C, N, O and Zn species in the nanohybrids. The Zn/surfactant
stoichiometry was assumed using the presence of C and N of the organic.
As calculated, the EDX yielded Zn/C atomic ratio of 0.28 and the Zn/N

atomic ratio of 1.36.
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Figure 5.7. a) FESEM image of ZnO-OPV and b) EDX image of ZnO-
OPV
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Figure 5.8. XRD images of ZnO and ZnO-OPV. Inset shows the peaks

due to formation of lamellar structure.

The X-ray diffraction patterns of ZnO and ZnO-OPV (annealed) are
shown in Figure 5.8. In both the cases, (100), (002) and (101) peaks of
ZnO are dominant (JCPDS 36-1451). However, in case of ZnO-OPV,
the peak intensities of (100), (002) and (101) are seen to be changed.
Apart from the mentioned ZnO peaks, the (005) and the (006) reflections
from the organic molecules are also quite prominent in case of ZnO-
OPV. To confirm the presence of lamellar structure in ZnO-OPV
nanohybrids, XRD measurements in the range of 20 varying from 2° to
6° were also performed. Inset in Figure 5.8 shows the X-ray scattering
at small angles confirming the highly ordered lamellar structure with d-
spacing of 32 A, 28 A, 25 A and 21 A corresponding to (001), (002),
(003) and (004) reflections, respectively.

5.2.4.2. Device Performances

The sensing responses of the three sensors viz. OPV, ZnO, and ZnO-
OPV sensors were measured by exposing them to different
concentrations of NHs gas at room temperature, as shown in Figure

5.9(a). It is seen that, among the three sensors, ZnO-OPV sensor shows
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the best respense. For the ZnO and the OPV sensors, the responses at all

the concentrations are almost similar, i.e., they do not change much.
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Figure 5.9. a) Sensing response of ZnO, OPV and ZnO-OPV with
varying ppm of ammonia, b) cyclic response of ZnO, OPV and ZnO-
OPV at 10 ppm of ammonia, c) single cycle response of ZnO-OPV
towards 10 ppm of ammonia showing response time and recovery time,
and d) selectivity graph showing selectivity of ZnO-OPV towards

ammonia over other analyte gases.

However, in the case of ZnO-OPV sensor, the change is response with
change in concentration is quite noticeable. Also, it is very clear from
the figure that the response of ZnO-OPV sensor to lower concentrations
of ammonia is much higher than that of ZnO and OPV. This implies that
Zn0O-0OPV can be used even for sensing the lower concentrations of NH3
gas. The transient response of the sensors (OPV, ZnO, and ZnO-OPV)
are shown in Figure 5.9(b). Amazingly, the resistance immediately
increases when the ZnO-OPV sensor was exposed to NH3 and rapidly
recovers with the withdrawal of NHs. Here, the sensor response was
defined as ‘‘Response = Rg/Ra” where Ry is the resistance in the
presence of the analyte gas, and Ra is the resistance in air or absence of

the analyte gas. According to this equation, the response of OPV and
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ZnO thin films are 0.09 and 1.86 to 10 ppm of NHs, respectively. The
highest response up to 8.33 is observed for the ZnO-OPV thin film,
which is 4.48 times higher than the response of the ZnO thin film and
approximately 95 times higher than that of OPV thin film. Also, the
Zn0O-0OPV sensor shows good response and good repeatability upon
exposure to NHs, unlike other two sensors which are sluggish and slow.
The OPV sensor shows no vivid response with time clearly indicating
that its response and recovery time is quite large.

As seen in Figure 5.9(a) and 5.9(b), the response of ZnO-OPV thin film
to NHjs is the highest of all the samples studied, so the composite sample
is considered to be the best to be used as an ammonia sensor. The
response and recovery times are also important parameters for a gas
sensor, and these were defined as the times to reach 90% of the final
value after the detected gas was first introduced and then removed,
respectively. The response and recovery times of a ZnO-OPV thin film
to 10 ppm of NHz were 9.8 s and 17.3 s, respectively as shown in Figure
5.9(c). These response and recovery times indicate that the ZnO-OPV
sensor has much faster response than many of the reported hybrid
sensors, as tabulated in Table I. Nonetheless, a high selectivity is
important for a gas sensor to be practically valuable. Therefore, the room
temperature selectivity data of the ZnO-OPV thin film towards selected
gases such as hydrogen sulphide, carbon dioxide, and carbon monoxide
as shown in Figure 5.9(d), were 1 to 100 ppm, 0.1 to 1000 ppm, and 0.2
to 100 ppm, respectively, as compared to 10 ppm of NHa. In hydrated
state (in presence of humidity), the ionic mobility across the peptide
bonds arises due to the H* transfer from -NHCO- to -N-COH- via the
hydrogen bonding with water. The H* transfer becomes restricted in the
presence of NHsz due to the formation of [NHs...H20] complex
formation. As a consequence, H* transfer across the peptide molecules
become hindered, and resistance increases along the organic layer [47].
Stability performance of ZnO-OPV sensor films was measured to fixed

10 ppm concentration of NH3 gas at room temperature over the period
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of 30 days at an interval of 1 day and obtained results are displayed in
Figure 5.10.
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Figure 5.10. Long-term stability of ZnO-OPV at 10 ppm of NHs.

Initially, the sensor showed relatively maximum response of 8.33;
however it dropped from 8.33 to 6.9 in 15 days. The response was seen
to be unstable over the period of next 15 days. This may be because, in
the later stage, the ZnO-OPV sensor undergoes both interface and
surface modification and then reaches to an unsteady state indicating the
long-term instability of the sensor operating at room temperature. A
comparative characteristics of various ZnO based organic-inorganic
hybrid sensors has been presented in Table 5.1. Schutt et al. [48] have
reported a highly porous carbon nanotubes (CNTs) functionalized
tetrapodal ZnO (ZnO-T-CNT) hybrid material for highly sensitive
ammonia vapor detection at room temperature. Their fabricated sensor
exhibited a response of 330 at 100 ppm of ammonia. However, the
response and recovery times were 18.4 and 35 s, respectively. Tai et al.
[49] deposited a ZnO nanoparticles and graphene oxide (GO) thin film
on gold interdigitated electrodes in sequence via a simple spraying
process, which was further restored to ZnO/reduced graphene oxide
(rGO) bilayer thin film by the thermal reduction treatment. The
rGO/Zn0O sensor exhibited a low response of 3.05% for 50 ppm of NH3
at room temperature with a moderate response and recovery times of 30

s and 90 s, respectively. Shukla et al. [50] reported zinc
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oxide/polyaniline (ZnO/PANI) nanocomposite film prepared by a
chemical method using CuSOs as redox initiator. Their nanocomposite
sensor showed a low response of 4.75 to 1000 ppm NHs and response
time and recovery time of 15 s and 45 s, respectively. Thus, from the
table, it is clear that the ZnO-OPV not only does respond to a lower ppm
of ammonia but also gives the least response and recovery times. The
rGO/ZnO composite is seen to have the next lower concentration

sensing. However, it shows quite longer recovery time.

Table 5.1. Comparative analysis of sensing properties of various ZnO

based organic-inorganic hybrid ammonia sensor.

Material Fabrication Operating Concentration  Response Response Recovery Ref.
Method Temperature (ppm) Time (s) Time (s)
(°C)
ZnO-CNT Simple Dripping RT 100 330 * 18.4 35 [48]
rGO/ZnO Spraying RT 50 3.05%*% 30 90 [49]
PANI/ZnO Drop Cast - 1000 4.75% 15 45 [50]
ZnO-0OPV Electrodepositio RT 10 8.83 9.8 17.3 This

n Work

5.2.4.3. Device Sensing Mechanism

It was observed that the ZnO-OPV composite sensor shows rapid
resistance increase upon exposure to NHs which indicates p-type
behavior of the composite. The presence of p-n heterojunction at the
interface between OPV and ZnO may be attributed to the improved
response in ZnO-OPV nanohybrids as compared to pure OPV. In air, at
junction, due to mismatch of Fermi level between p-type OPV and n-
type Zn0O, the electron from conduction band of ZnO will flow across
the interface to LUMO states of OPV until their Fermi energy level
matches. As a result, a depletion layer is generated at the interface [51],
[52], as shown in Figure 5.11. In NHs reducing gas, NHs molecules
adsorbed on the surface of the hybrid and releases electron in the hybrid,
especially into OPV in the junction region, which leads to decrease of
the main carrier in OPV. As a result, the depletion layer thickness
increases. Thus, this increase in depletion layer further increases the
resistance of the ZnO-OPV composite in the presence of NHs. Also,

layer-by-layer assemblies of p-type OPV and n-type ZnO showed fast
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adsorption and desorption of NHs. This was attributed to the presence of
alternating ZnO layers, which might facilitate the flexible carrier

transport path in ZnO-OPV composite [53].

Interface
-

p-type OPV n-type ZnO

®e
LUMO Oh*
E,
----------------------- E‘
HOMO
E,

Depletion layer

Figure 5.11. Schematics of sensing mechanism using the band diagram.

Although, the exact reason for the high selectivity of ZnO-OPV towards
ammonia is not clear, yet, the reason that might account for the excellent
selectivity is: ammonia has a strong electron donating ability due to the
presence of a lone electron pair, and thus it can readily donate the
unpaired electrons. The sensing layer, consisting of the p-type OPV
might have higher binding affinity for the electron-donating ammonia
[8], [54]. Hence, the electrons get transferred to the sensing layer, which
may lead to significant change in resistance [54], [55]. Also, the layer
by layer self-assembly of OPV and ZnO provides a continuous path for

charge transfer, thus, providing a faster response.

5.3. Conclusion

The contribution from the present work can be summarized as under:

e The ZnO-OPV hybrid photodetector is demonstrated for the first
time in literature. The photoresponse and external quantum
efficiency of the nanohybrid photodetector were measured at
different bias voltages and reached 0.2 AW and 75.5%,
respectively, at -20 V. These experimental findings indicate that
the hybrid nanostructure of ZnO-OPV may be especially well

suited for the use in high-performance nanoscale photodetectors.

e Sensors with sensing layers made up of OPV, ZnO and ZnO-

OPV  composites are successfully  synthesized by
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electrochemical deposition. The composite based sensor
exhibited the highest response of 8.83 to 10 ppm of NHs. It
showed an excellent selectivity to NHz among various test gases.
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Chapter 6

Conclusion and Scope for Future Work

In this research work, the optimization and fabrication of ZnO based

organic-inorganic hybrid materials and their thin films were performed

using the electrodeposition technique. After the growth, the thin films

were characterized for structural, electrical, optical, morphological and

elemental properties. Efforts were put to establish the correlations

among different properties by employing XRD, AFM, FESEM, Raman,

SE, PL and I-V measurement techniques. Also, the thin films were

employed to make devices such as photodetector and gas sensor.

Therefore, in summary, the present thesis work mainly discussed the

following,

e Study of ZnO-Graphene Quantum Dots (GOD) hybrid:

o

Synthesis: GQD, ZnO, and ZnO-GQD hybrid were
deposited by the electrodeposition process. Also, the Pt
electrodes were grown on the three samples.

Characterization: A comparative study of optical,

elemental, electrical, crystalline and morphological
properties of the grown thin films (GQD, ZnO, and ZnO-
GQD hybrid) were discussed. The effect of addition of
GQD to 2ZnO has been established through
characterization techniques such as PL, FESEM, I-V
characteristics and SE measurements. Studies revealed
that the GQDs play a significant role in shifting the PL
peaks of the films. Observations also concluded that the
Zn0O-GQD nanocomposites, in comparison to the ZnO
and GQD individual films, produced higher optical band
gap (3.33 eV). The electrical measurements also showed
improved current sensitivity of the ZnO-GQD hybrid
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nanocomposites film over pure organic GQD and
inorganic ZnO film. The values of photosensitivity of
Zn0O, GQD, and ZnO-GQD nanocomposite were found
to be 6.77, 51, and 99.32, respectively at room
temperature. The enhancement of photosensitivity of
ZnO-GQD nanocomposite was 1.9-fold and 14.67-fold
as compared to that of GQDs and ZnO, respectively.

Application: Since the ZnO-GQD showed enhanced
optical properties, it be utilized for various optoelectronic

applications.

e Zn0O-0Oligo(p-phenylenevinylene) (OPV) hybrid:

(@]

o

Synthesis: The synthesis of OPV, ZnO and ZnO-OPV
hybrid has been done. Further, they have been deployed
as sensing layers in two different devices a)
photodetector, and b) gas sensor.

Characterization: Study of structural, elemental,

electrical, morphological and optical properties of the
grown thin films (OPV, ZnO and ZnO-OPV hybrid).

Applications:

Fabrication of ZnO-OPV based band-selective
ultraviolet (UV) photodetector.

The ZnO-OPV hybrid photodetector is demonstrated for
the first time in literature. The photoresponse and
external quantum efficiency of the nanohybrid
photodetector were measured at different bias voltages
and reached 0.2 AW and 75.5%, respectively, at -20 V.
These experimental findings indicate that the hybrid
nanostructure of ZnO-OPV may be especially well suited
for the use in high-performance nanoscale

photodetectors.
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Fabrication of ZnO-OPV based highly selective
ammonia gas sensor.

Sensors with sensing layers made up of OPV, ZnO and
ZnO-OPV composites are successfully synthesized by
electrochemical deposition. The composite based sensor
exhibited the highest response of 8.83 to 10 ppm of NHa.
It showed an excellent selectivity to NH3 among various

test gases.
The following are the future work that can be focused:

» Other functionalized organic moiety can be tested to make a
composite with ZnO to give more stable composites for long-term
sensing.

» The fabricated sensors can be further explored for application in the

Sensor array.
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